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ABSTRACT 
PERFORMANCE OF PLANT PRODUCED HMA MIXTURES WITH HIGH RAP CONTENT IN TERMS OF LOW 
TEMPERATURE CRACKING, FATIGUE CRACKING, AND MOISTURE INDUCED DAMAGE 
By 
Michael D. Elwardany 
University of New Hampshire, September, 2012 
The Use of Reclaimed Asphalt Pavement (RAP) in Hot Mix Asphalt Mixtures (HMA) has 
become a regular practice in the United States. Nowadays, many State DOTs are comfortable using 
RAP contents up to 20%. However, the need to include higher percentages of RAP in mixtures is 
increasing due to the increase of virgin material prices. Concerns about low temperature cracking, 
fatigue cracking and the potential need to bump binder grades limit the amounts of RAP in HMA 
mixtures. Moisture damage is an issue in some regions as well. This study presents testing and 
analysis results of plant produced mixtures with different RAP contents up to 40%. Results showed 
that including high RAP content as well as using stiffer binders may decrease mixture compliance, 
increase dynamic and relaxation moduli. It also generally leads to relatively warmer cracking 
temperature, and better fatigue performance. For moisture damage, all mixtures have relatively 
acceptable resistance. 
xviii 
Chapter 1: Introduction and literature Review 
The Use of Reclaimed Asphalt Pavement (RAP) in Hot Mix Asphalt (HMA) Mixtures has 
become a regular practice in the United States since the mid to late 1970s, as an alternative supply 
of both quality aggregate and asphalt binder. Nowadays, many State OOTs and contractors are very 
comfortable using RAP contents up to 20%. As the cost of virgin materials continues to rise and 
society becomes more aware of environmental sustainability issues, the need to include higher 
percentages of RAP in mixtures is also increasing. 
RAP is generated when materials from old pavements are milled and crushed. According to 
Environmental Protection Agency (EPA) and Federal Highway Administration (FHWA), more than 90 
million tons of RAP is recycled every year (about 80% of annual production of RAP) based on these 
numbers, asphalt pavement is considered the number one recycled material in the United States, 
saving taxpayers about $1.8 billion annually, and saving hundreds of acres of landfill space as well. 
(Asphalt Pavement Alliance) 
Generally, aged RAP binder will blend to some extent with the virgin binder leading to 
stiffer mixtures; however the amount of stiffening may be negligible at low RAP contents up to 20 to 
25 %. High amount of RAP may significantly increase mixture stiffness and lead to low cracking 
resistance in cold regions. That is why, concerns about low temperature cracking, fatigue cracking 
and the potential need to bump binder grades limit the amounts of HMA mixtures that are 
produced with high RAP content greater than 25% and up to 40% in the northeast of the US. 
Moisture induced damage is an issue in some regions as well. 
As a part of Transportation Pooled Fund Project TPF-5(230) "Evaluation of Plant-Produced 
High-Percentage RAP Mixtures in the Northeast", the objective of this study is to compare the 
1 
laboratory performance of plant produced HMA mixtures containing high amount of RAP (30, 40% 
RAP) to the performance of regular RAP content mixtures (20% RAP) and virgin mixtures. The 
mixture testing included low temperature creep and strength in indirect tension (IDT) mode 
following (AASHTO, T322-03), push-pull direct tension cyclic fatigue testing following proposed test 
method under review developed by North Carolina State University (NCSU), and moisture induced 
damage tensile strength ratio under IDT mode following (AASHTO, Resistance of Compacted Asphalt 
Mixtures to Moisture-Induced Damage, T283-03). Analysis of low temperature cracking was based 
on a mechanistic-based prediction model for thermal cracking of asphalt concrete pavements 
developed by Hiltunen and Roque. Fatigue cracking analysis was performed using the Simplified-
Viscoelastic Continuum Damage (S-VECD) Model developed by Underwood and Kim. Mixtures used 
in this study were from three states in the northeast US (New Hampshire, New York, and Vermont). 
Regular research practice is usually based on preparing mixture in laboratories. This process 
includes sieving dry aggregates and batching them according to the design target gradation, adding 
the amount of preheated asphalt binder according to mixture design, and mixing them in the 
laboratory to produce HMA mixture. The laboratory produced mixture is then used to fabricate 
specimens after aging them to some extent if needed. This process provides good control, but does 
not simulate the actual production process in asphalt concrete production plants and may neglect 
important factors in the actual production practice that can have a significant effect on mixture 
properties. For mixtures with high RAP content the potential interaction between virgin binder and 
RAP binder may be affected by the production process, for example, it may be affected by mixing 
temperature, mixing time, temperature of asphalt and aggregate before mixing, silo storage time, 
and other production details. Thus, this study is based on testing specimens fabricated from plant 
produced mixtures produced from three different plants, two of them were drum plants and the 
third one was a batch plant. 
2 
Many research projects have been done to study the effect of high RAP content on HMA 
mixture properties. Many of them concluded that 40% is the maximum feasible amount of RAP in 
HMA using regular recycling techniques (Hassan, 2009), (McDaniel, Shah, & Huber, 2011), and 
(Daniel & Mogawer, 2010). Higher RAP contents may require extra heating techniques or warm 
asphalt technology. Another thing can be done to allow higher content of RAP is to use rejuvenating 
agents. However, these options will require additional costs (Loria, Hajj, Sebaaly, Barton, Kass, & 
Liske, 2011). 
Previous study to compare between the performance of mixtures including reclaimed 
asphalt pavement (RAP) and mixtures including reclaimed asphalt shingles (RAS) as well as 
evaluating the performance of mixtures with high RAP contents was done by J. Foxlow. This study 
concluded that high RAP content generally leads to stiffer dynamic modulus master curves and 
suggested that aggregate and virgin binder selections may also have an effect on the amount of RAP 
content that can be included in HMA mixtures (Foxlow & Daniel, 2011). 
Another study have been done by S. Tarbox on the effect of long term oven aging on RAP 
mixture, showed that the stiffening effect of long term oven aging on RAP mixtures is less than that 
of virgin mixtures; due to the inclusion of already aged binder in the RAP mixtures that does not age 
further under laboratory conditioning (Tarbox & Daniel, 2011). 
A study on plant produced loose mixtures used to construct pavement sections with high 
RAP content constructed in 2009 in Manitoba, Canada to evaluate the performance of mixtures with 
high RAP content in cold weather regions was published in 2011. This study concluded that the use 
of 50% RAP without a grade change for the virgin binder resulted in a reduction in the TSRST 
fracture temperature. However, the use of a softer virgin binder with the 50% RAP mixture resulted 
in a similar fracture temperature of virgin mixtures. Also, the same study concluded that the 
3 
AASHTO T283 test at multiple freeze-thaw cycles did not show additional reduction in mixture 
resistance to moisture induced damage up to 50% RAP (Loria, Hajj, Sebaaly, Barton, Kass, & Liske, 
2011). 
One of the most recent studies that have been done on plant produced mixtures with high 
RAP content was a study done by North Central Superpave Center at Purdue University with FHWA 
(McDaniel, Shah, & Huber, 2011). Conclusions of this study were that RAP content can be increased 
to 25% before changing the virgin binder grade for this given set of materials, and that binder should 
be changed one grade lower when increasing RAP content to 40%. 
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Chapter 2 : Materials and Methods 
Z.i Materials 
Materials used in this study were plant produced asphalt concrete mixtures produced in 
three different HMA plants. The three sets designated as NY, NH, and VT mixtures were produced by 
Callanan Industries Inc., Cordell Road Colonie, NY, Pike Industries, Inc., Portsmouth, NH, and Pike 
Industries, Inc., Williston, VT, respectively. Table 2.1 presents more details about the three different 
plants. 
Table 2.1 Asphalt Mixture Plant Details 







Portsmouth, NH Gencor Counter flow-Drum plant 400 
Williston, VT 1966 HB 5 ton - Batch plant 210 
450 
Callanan Cordell Road Colonie, Standard Havens ( Counter flow) 
Industries NY Drum plant 
Loose hot asphalt concrete mixtures were sampled at the time of production at the plant 
and stored in air tight five gallon metal buckets to reduce aging before being used in the laboratory. 
This work was part of the overall effort of the Transportation Pooled Fund Project TPF-5{230) 
"Evaluation of Plant-Produced High-Percentage RAP Mixtures in the Northeast", and the data 
generated was shared within different research groups involved in the project. It was necessary to 
establish a common naming notation used for both tested mixtures and specimens. The notation 
has been used to share and present data and results, as well to combine all details in a database to 
provide all participating individuals with valid, integrated, independent, and accurate information. 
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The naming notation for each specimen is described below: 
1- The State where the mix is produced. 
2- Binder performance grade. 
• PG 52-34 (a) 
• PG 58-28 (b) 
• PG 64-22 (d) 
• PG 64-28 (e) 
3- RAP percentage. (2 digits) 
4- Whether the sample is fabricated in the lab, the plant, or cored from field. 
• Field Extracted (F) 
• Lab Fabricated (L) 
• Plant Gyratory (P) 
5- Name of the university conducting the test. 
• North Carolina State University (C) 
• University of New Hampshire (H) 
• University of Massachusetts (M) 
• Rutgers University (R) 
6- Specimen Number. (2 digits) 
Where, the mixture ID consists of state of production, binder grade, and RAP percentage 
only. Thus, NHa30 would be a mixture ID and NHa30LH01 would be a specimen ID. 
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For example, a specimen ID (NHa30LH01) means: 
1- Mix produced in New Hampshire State. 
2- Binder PG grade is PG 52-34 
3- RAP percentage is 30% 
4- Lab fabricated. 
5- This sample is tested by University of New Hampshire. 
6- First specimen of its type. 
Eighteen Superpave surface course mixtures have been produced by the three plants, using 
asphalt binders with four different PG-grades (PG 64-22, PG 58-28, PG 64-28, and PG 52-34), two 
different nominal maximum size of aggregate (NMSA) (9.5mm, 12.5mm), and four different RAP 
contents (0%, 20%, 30%, and 40%). Each set of mixtures from a particular plant used the same target 
gradation for the different RAP contents during the design process. Table 2.2 presents a mixture 
summary table. 
Table 2 . 2  Mixture Summary Table 
Plant NMAS (mm) PG Grade Mix ID 
RAP Content (%) 
20 30 40 
Callanan NY 64-22 NYd • • • • 
(Drum) 58-28 NYb n/a* n/a* • • 
12.5 64-28 NHe • • • • 
Pike NH 
(Batch) 
Pike VT g5 64'28 VTe • • • • 
(Drum) ' 52-34 VTa • • • • 
* n/a = not produced 
Table 2.3 shows the binder PG-grade, percent of binder (%ac), nominal maximum size of 
aggregate (NMSA), percent RAP (%RAP), percent binder in RAP (%ac in RAP), and percent of binder 
replacement (% binder replacement) for each mixture. 
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Table 2.3 Mixture Component Properties 
ID PG-grade %ac NMSA %RAP %ac in RAP % bind 
rcplacem 
NYdOO 64-22 5.2 12.5 00 
-
00.00 
NYd20 64-22 5.2 12.5 20 4.95 19.04 
NYd30 <>4-22 5.2 12.5 30 4.93 28.44 
NYd40 64-22 5.2 12.5 40 4.90 37.69 
NYb30 58-28 5.2 12.5 30 4.93 28.44 
NYb40 58-28 5.2 12.5 40 4.90 37.69 
NHeOO 64-28 5.7 12.5 00 
-
00.00 
NHe20 64-28 5.7 12.5 20 4.79 16.81 
NHe30 64-28 5.7 12.5 30 4.79 25.21 
NHe40 64-28 5.7 12.5 40 4.79 33.61 
VTeOO 64-28 6.5 09.5 00 
-
00.00 
VTe20 64-28 6.7 09.5 20 5.41 16.13 
VTe30 64-28 6.6 09.5 30 5.41 24.55 
VTc40 64-28 6.6 09.5 40 5.41 33.04 
VTaOO 52-34 6.7 09.5 00 - 00.00 
VTa20 52-34 6.8 09.5 20 5.41 16.01 
VTa30 52-34 6.6 09.5 30 5.41 24.74 
VTa40 52-34 6.6 09.5 40 5.41 32.64 
Table 2.4 presents each mixture grading. Table 2.5 presents mixture discharge temperature, 
compaction temperature, silo storage time in hours (only for drum plant type), maximum theoretical 
mixture specific gravity (Gmm), voids in the mineral aggregate (VMA), and voids filled with asphalt 
(VFA). 
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T.ible 2.4 Mixture Final Gradation 
ID 12.5mm 9.5mm 
% Passing Sieve Size 





















































































































































































Table 2.5 Mixture Production Tempemuues, Silo Sterne Time and Volumetric Properlie 
Aggregate Discharge Compaction 
ID Temp. Temp. Temp. 















8 2 . 1  
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Where, percent of binder replacement for each mixture was calculated using equation 2.1 
% binder replacement = % RAP x % ac in RAP 2.1 % a c i n  m i x t u r e  
Discharge temperature was the temperature when each mixture was sampled, and 
compaction temperature is the temperature at which compaction took place at the construction 
site. Due to construction schedules, mixtures produced in a drum plant facility had to be stored in 
large silos until being discharged and shipped to the construction site. Mixtures were heated for 
extended time during silo storage time, which may affect the behavior of the mixture. The effect of 
the silo storage time was one of the factors examined in this study. 
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2.2 Specimen Fabrication 
The eighteen mixtures were tested to experimentally evaluate mixture creep compliance 
and strength, mixture resistance to moisture induced damage, and mixture fatigue parameters. 
2.2.1 Loose Mixture Reheating Protocol 
Plant produced asphalt mixtures were discharged into five gallon airtight steel buckets and 
allowed to cool down, stored, and then shipped to different laboratories working on the pooled 
funded project. Loose mixtures were reheated according to a protocol developed by North Carolina 
State University and verified by University of New Hampshire. The protocol has been used by all 
laboratories contributing in the project to decrease variability in results between different 
laboratories. A brief summary of the protocol is presented below and the detailed protocol is in the 
appendix. 
• Buckets were placed in an oven 10"C lower than the discharge temperature for the 
particular mixture. 
• Bucket reheating consists of one hour covered with lid and one more hour after 
removing the lid. 
• Ovens with other compaction tools were preheated to the appropriate compaction 
temperature. 
• The temperature of the center of the bucket should not be less than 75°C after the 
reheating period. 
• Loose reheated mixture then should be divided and placed in ovens preheated at 
the compaction temperature, where the dividing process should not take more than 
10 minutes. 
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• Once a bucket of loose mixture has been reheated in the laboratory, it shall not be 
cooled and reheated again. 
• Mixture after being divided may take about 30 minutes to reach compaction 
temperature. 
• Total time of reheating shall not take more than 4 hours. 
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2.2.2 IDT Test Specimen Fabrication 
Two sets of specimens were prepared to be tested in Indirect Tension mode (IDT). One set 
was subjected to a Modified Lottman Test to evaluate the mixture resistance to moisture induced 
damage following AASHTO standard method of test for "Resistance of Compacted Asphalt Mixtures 
to Moisture-Induced Damage" AASHTO Designation: T 283-03. The other set was tested to quantify 
low temperature creep compliance and strength, following AASHTO standard method of test for 
"Determining the Creep Compliance and Strength of Hot-Mix Asphalt (HMA) Using the Indirect 
Tensile Test Device" (AASHTO, T322-03). 
After the plant produced loose mixture was reheated, the mixture was compacted to 
fabricate specimens of needed geometry. Compaction heights and weights of specimens were 
determined by trial and error to achieve a target air void ratio for the gyratory compacted specimen 
about 1 % greater than the target air void ratio of the actual specimen after cutting. Low 
temperature creep compliance and strength test specimens were compacted to achieve 6±0.5 % 
final air void content, while the Modified Lottman test specimens were compacted to a final target 
air void content of 7±0.5 %. The trial and error process for IDT specimen production was conducted 
by fixing the compacted weight and changing the target specimen height. The 6±0.5 % target 
specimen air void ratio for IDT low temperature creep compliance and strength test was chosen to 
be able to compare laboratory reheated and fabricated specimens with plant compacted specimens 
which have been compacted to the same target air void content, and the expected level of 
compaction in field. However, it was intended to compact the Modified Lottman test specimens to a 
1 % higher value of air void ratio as specified in (AASHTO, Resistance of Compacted Asphalt Mixtures 
to Moisture-Induced Damage, T283-03). Due to higher air void contents and potential instability of 
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the specimens, it was important to ensure proper cooling and stability prior to removal from the 
mold. 
Compaction was conducted using IPC Servopac, a servo-controlled multi-axis pneumatic 
loading gyratory compactor produced by Industrial Process Controls Ltd, IPC Global. Compaction 
was achieved by the simultaneous action of static compression and the shearing action resulting 
from the motion of the center line of the specimen. A 600 KN vertical compression force was applied 
using a digital servo controlled, pneumatic actuator; this force was measured and maintained during 
compaction using a load cell. The gyratory motion was implemented, at a rate of 30 gyrations per 
minute, using three digital servo controlled pneumatic actuators, each moving up and down in a 
sinusoidal motion, 120 degrees out of phase with each other. An angle of gyration of 1.25° was 
accurately set and maintained during compaction by means of displacement transducer. The 
machine includes an intelligent controller which can store data from several compaction runs and 
provides a coded data interface on the machine which is connected to a compatible personal 
computer to provide a user friendly monitor for data retrieval, display and data archival facilities, as 
well as machine control functions. 
The approximate dimensions of the gyratory compacted specimens for IDT testing were 150 
mm in diameter and about 110 to 120 mm height, generated by compacting about 4.5 kilograms of 
reheated material. Since one bucket contains about 27 to 30 kilograms of loose mixture, six gyratory 
compacted specimens can be fabricated out of one bucket of loose mixture. 
After the material was compacted in the superpave gyratory compactor (SGC), the 
compacted specimen was extracted out of the mould by means of specimen ejector device attached 
to the machine. Usually, it takes about 10 minutes before being able to hold the specimen and place 
it on a counter in front of a fan to let the specimen cool down. During this step the two gyratory 
15 
specimen protection paper disks were removed and the specimen ID was written on the specimen 
using laboratory soft wax pencil marker. 
Compacted specimens were left to cool down overnight. The next day, an asphalt mixture 
wet saw was used to provide smooth, parallel cuts to the gyratory specimens in order to achieve the 
required dimensions of the IDT test specimens. The required dimensions for low temperature creep 
compliance and strength test specimens are 150±9 mm in diameter and 38 to 50 mm height, after 
cutting at least 6 mm from both sides of each gyratory compacted specimen, as specified by 
(AASHTO, T322-03) for mixtures with a maximum aggregate size of 38 mm or less. This means that 
two specimens for this test can be fabricated out of one gyratory compacted specimen. For the 
Modified Lottman test specimens the required dimensions were 150±9 mm in diameter by 95±5 mm 
thick. So it was only possible to get one specimen for this test out of one gyratory compacted 
specimen. As an attempt to save both material and time some trials were made to compact larger 
amount of material (about 6.5 kilograms) to about 160 mm height in order to be able to fabricate 3 
IDT specimens for creep compliance and strength test out of one gyratory compacted specimen, 
however these attempts showed high variability in air void ratio between the three specimens. So it 
was the decision to fabricate only two specimens out of one gyratory compacted specimen and 
adjust both weights and heights of compaction as described previously. Specimen thickness and 
height of specimens are determined following (ASTM, D3549). 
After cutting specimens to the required dimensions, specimens were washed with water 
and the specimen ID was written on its edge then was left to dry on the counter in front of the fan 
for at least 24 hours. Then the specimens void ratio was checked by measuring the bulk specific 
gravity of compacted asphalt mixtures using saturated surface dry specimens following (AASHTO, 
T166). Once a specimen was dried for 24 hours in room temperature in front of a fan until it has 
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constant weight; further drying does not change the weight by more than 0.05 %, each specimen 
has been weighted in air and the weight has been recorded as weight of specimen in air(Wdry), 
then each specimen was immersed in water bath at 25±0.5°C suspended beneath a balance for 10 
minutes after agitating around specimen sides under water by hand to get rid of air bubbles 
surrounding the specimen. The submerged weight of specimen was measured and recorded as 
weight of specimen in water (Wsub). Finally, the specimen was removed from the water and surface 
dried by blotting with a damp towel, then weighed as quickly as possible and recorded as surface-
dry specimen weight in air (WSSD). It was taken in consideration that all weights are measured by 
scale accuracy to 0.1% of specimen weight and all weights were recorded to the nearest 0.1 gram. 
Then Bulk Specific Gravity (Gmb) can be determined from equation 2.2 
r — Wdry -> -> 
mb Wssu-Wmi, 
While air void ratio ( Vair) and percent of absorption {% Abs.) have been determined from 
equation 2.3 and equation 2.4 
Vair = (1 - JT*) X 100 2.3 
°mm 
% Abs.= ZSSD~Zdryl * *00 2.4 (wSSD~wsub) 
Where, Gmm is the maximum theoretical specific gravity of mixture obtained from 
production information reported by each contractor and presented in Table 2.5. Specimen 
volumetric properties for creep compliance and strength specimens are presented in Table 2.6 to 
2.8. 
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Table 2.6 IDT Creep Compliance and Strength Test Specimen Volumetric Properties NY-
Specimen ID Gmb Abs % Gn 
Air Void Avg. 
(%Vair) Air Void 
NYd00LH05 2.377 0.86 2.530 6.1 
NYd00LH06 2.369 1.20 2.530 6.4 6.3 
NYd00LH07 2.367 1.09 2.530 6.4 
NYd20LH05 2.375 1.11 2.528 6.0 
NYd20LH06 2.374 1.48 2.528 6.1 6.1 
NYd20LH07 2.370 1.58 2.528 6.2 
NYd30LH05 2.380 1.40 2.543 6.4 
NYd30LH06 2.386 0.66 2.543 6.2 6.2 
NYd30LH07 2.389 0.87 2.543 6.1 
NYd40LH05 2.400 1.21 2.546 5.8 
NYd40LH06 2.386 1.51 2.546 6.3 6.1 
NYd40LH07 2.385 1.47 2.546 6.3 
NYb30LH05 2.378 1.29 2.539 6.3 
NYb30LH06 2.379 1.56 2.539 6.3 6.3 
NYb30LH07 2.379 1.56 2.539 6.3 
NYb40LH05 2.387 1.19 2.540 6.0 
NYb40LH06 2.384 1.45 2.540 6.2 6.2 
NYb40LH07 2.378 1.97 2.540 6.4 
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T.iblc 2.7 !DT Creep Compliance and Strength Test Specimen Volumetric Piopertios NH- Mixture 
Specimen ID Gmb Abs % Gmm Air Void Avg. (%Vair) Air Void 
NHe00LH05 2.261 1.03 2.419 6.5 
NHe00LH06 2.282 1.24 2.419 5.7 6.0 
NHe00LH07 2.281 1.93 2.419 5.7 
NHe20LH05 2.294 1.44 2.430 5.6 
NHe20LH06 2.283 1.91 2.430 6.0 5.9 
NHe20LH07 2.285 1.81 2.430 6.0 
NHe30LH05 2.289 0.92 2.434 6.0 
NHe30LH06 2.285 1.11 2.434 6.1 6.0 
NHe30LH07 2.290 0.95 2.434 5.9 
NHe40LH05 2.293 1.44 2.435 5.8 
NHe40LH06 2.289 1.28 2.435 6.0 6.0 
NHe40LH07 2.288 0.81 2.435 6.0 
VTeOOLHOS 2.330 0.50 2.482 6.1 
VTe00LH06 2.333 0.50 2.482 6.0 5.9 
VTe00LH07 2.345 0.53 2.482 5.5 
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Table 2.8 IDT Creep Compfiance and Strength Test Specimen Volumetric Properties VT- Mixture 
Specimen ID Gmb Abs % G mm 
Air Void Avg. 
(%Vair) Air Void 
VTe20LH05 2.314 0.60 2.467 6.2 
VTe20LH06 2.314 0.44 2.467 6.2 6.1 
VTe20LH07 2.323 0.49 2.467 5.8 
VTe30LH05 2.323 0.52 2.464 5.7 
VTe30LH06 2.321 0.52 2.464 5.8 5.9 
VTe30LH07 2.311 0.69 2.464 6.2 
VTe40LH05 2.326 0.60 2.473 5.9 
VTe40LH06 2.327 0.58 2.473 5.9 6.0 
VTe40LH07 2.318 0.66 2.473 6.3 
VTa00LH05 2.311 0.72 2.465 6.3 
VTa00LH06 2.313 0.66 2.465 6.2 6.2 
VTa00LH07 2.316 0.63 2.465 6.1 
VTa20LH05 2.304 0.54 2.458 6.2 
VTa20LH06 2.313 0.53 2.458 5.9 6.1 
VTa20LH07 2.310 0.57 2.458 6.0 
VTa30LH05 2.316 0.56 2.466 6.1 
VTa30LH06 2.306 0.58 2.466 6.5 6.2 
VTa30LH07 2.315 0.45 2.466 6.1 
VTa40LH05 2.314 0.44 2.472 6.4 
VTa40LH06 2.325 0.39 2.472 5.9 6.0 
VTa40LH07 2.330 0.42 2.472 5.7 
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For the modified Lottman test, six specimens were fabricated from each mixture as specified 
in the (AASHTO, T283-03), half were tested unconditioned and the other half was tested after partial 
saturation and moisture conditioning with one freeze-thaw cycle. Specimens were divided into two 
subsets so that the average air voids of the two subsets were approximately equal as recommended 
by (AASHTO, T283-03). Specimen volumetric properties for the modified Lottman test are presented 
in Table 2.9. 
T.iiatc 2,9 IDT Modified Lottman Test Specimen Volumetric Properties 
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2.2.3 Fatigue Test Specimen Fabrication 
Preparing Fatigue test specimens was similar to preparing IDT testing specimens. Plant 
produced loose mixture was reheated and compacted following the same steps described in the 
previous two sections to achieve 6 ±0.5% final target air void for fatigue test specimens. However, 
the trial and error process to get the proper compaction weights and heights for each mixture was 
done by fixing the compaction height to 180 mm and changing material amount. The approximate 
dimensions of the gyratory compacted specimen for fatigue test specimen fabrication were 150 mm 
in diameter and about 180 mm height, generated by compacting about 7 kilograms of reheated 
material. Since one bucket contains about 27 to 30 kilograms of loose mixture usually three, 
sometimes four, gyratory compacted specimens can be fabricated out of one bucket of loose 
mixture. Compared to IDT specimen fabrication, it was taking a little bit longer time, about 15 
minutes, before being able to hold the specimen and placing it in front of the fan in order to cool 
down. 
The most significant difference between IDT and fatigue tests specimen fabrications was the 
use of a wet diamond core drill to core the specimen to achieve the 100 mm diameter fatigue 
specimen out of the 150 mm gyratory compacted specimen, and then the asphalt mixture wet saw 
was used to trim about 15 mm from each end to achieve the target 150 ±2.5 mm in height fatigue 
specimen out of the 180 mm of compaction height. These dimensions are specified by the proposed 
standard method of test for "Determining the Damage Characteristic Curve of Asphalt Concrete 
from Direct Tension Cyclic Fatigue Test". 
After specimens have been cut and cored they were washed with water then left to dry for 
24 hours prior to bulk specific gravity Gmb and air void ratio %Vair being quantified as described in 
the previous section. 
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Specimen volumetric properties for fatigue test are shown in Table 2.10 to 2.13 
T<ibk> 2..10 Fatigue Test Specimens Volumctric Properties NY- Mixtures 
«•» « 
«i.E j JZ 10 > 
.fiPt s 
.c rs > 
.apt <u 




2 2 > 
o *= 9j 
„j i/i — 
Specimen Air Void Avg. 
ID S- AbS% S™ HtV.) Air Void 
NYdOOLHOl 2.368 0.82 2.530 6.4 
NYd00LH02 2.374 0.83 2.530 6.2 
- c -  N Y d 0 0 L H 0 3  2 . 3 7 3  0 . 9 7  2 . 5 3 0  6 . 2  OK— 
5 2 > 
NYd00LH04 2.371 0.87 2.530 6.3 
_ NYd20LH01 2.368 0.99 2.528 6.3 0» 
NYd20LH02 2.386 0.78 2.528 5.6 
NYd20LH03 2.377 0.88 2.528 6.0 
NYd20LH04 2.363 1.04 2.528 6.5 
fee- NYd30LH01 2.378 0.85 2.543 6.5 CJ m 
.2PS 5 
NYd30LH02 2.385 0.84 2.543 6.2 
5- c- NYd30LH03 2.379 1.02 2.543 6.5 
NYd30LH04 2.382 1.16 2.543 6.3 
- C _  N Y d 4 0 L H 0 1  2.384 0.96 2.546 6.4 cj .z: cu 
.c m > 
NYd40LH02 2.382 1.00 2.546 6.4 
J- c_ NYd40LH03 2.387 0.92 2.546 6.3 
NYd40LH04 2.381 0.72 2.546 6.5 
fec_ NYb30LH01 2.376 0.85 2.539 6.4 
x: 'ra > 0J 
NYb30LH02 2.374 1.16 2.539 6.5 
- e -  N Y b 3 0 L H 0 3  2 . 3 7 4  1 . 1 4  2 . 5 3 9  6 . 5  <D— 
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Table 2.11 Fatigue Test Specimens Volumetric Propert ies 
Specimen 
ID ^mb 















































NHeOOLHOl 2.276 0.19 2.405 5.4 
NHe00LH02 2.278 0.83 2.405 5.3 5.4 
NHe00LH03 2.274 0.19 2.405 5.4 
NHe20LH01 
NHe20LH02 










NHe40LH01 2.306 0.22 2.445 5.7 
NHe40LH02 2.311 0.23 2.445 5.5 5.5 
NHe40LH03 2.312 0.24 2.445 5.4 
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T.iblc ?.12 Fatigue Test Specimens Volumetric Properties VT-Mixtures 
Specimen Air Void Avg. 
ID ™ S/b (%Vair) Air Void 
fec_ VTeOOLHOl 2.321 0.36 2.482 6.5 
»fll 
» 
VTe00LH02 2.320 0.53 2.482 6.5 
VTe00LH03 2.336 0.42 2.482 5.9 
VTe00LH04 2.341 0.45 2.482 5.7 
VTe20LH01 2.311 0.56 2.467 6.3 
X^"J VTe20LH02 2.318 0.37 2.467 6.0 
3 2 > 
aim. 
*/i —1 
£ ra > 5 
3 2 > 
<u.E"5 
x m > 
.SP4= ? 
^ VTe30LH02 2.307 0.65 2.464 6.4 
w.c_ VTe30LH03 2.305 0.21 2.464 6.4 
? 2 > 
555*J VTe30LH04 2.310 0.58 2.464 6.2 
- c _  V T e 4 0 L H 0 1  2.321 0.36 2.473 6.1 QJ .= (v; 
.c n > 
.apt« 
^ VTe40LH02 2.313 0.71 2.473 6.5 
>— r 0».= QJ 
5 2 > O 5 * 
a».S 
.c ro > 
•SPfc «j 
VTe20LH03 2.328 0.34 2.467 5.6 
VTe20LH04 2.310 0.36 2.467 6.4 
VTe30LH01 2.318 0.35 2.464 5.9 
VTe40LH03 2.318 0.70 2.473 6.3 
VTe40LH04 2.321 0.31 2.473 6.1 
VTaOOLHOl 2.317 0.50 2.465 6.0 
s*-1 VTa00LH02 2.316 0.45 2.465 6.1 
j r c -  VTa00LH03 2.315 0.60 2.465 6.1 <D .IS flj 
S 2 > 







Table 2.13 Fatigue Test Specimens Volumetric Properties VT-Mixtures (Cont.) 
X ra > 
.2? £; S 
3 ra > 
o-fc iSt -J 
ID mb ~mm (%V3jr) Air Void Abs % 
Specimen Air Void Avg. 
- c -  V T a 2 0 L H 0 1  2 . 3 1 1  0 . 3 1  2 . 4 5 8  6 . 0  
x:'ra > 00 J3 
= VTa20LH02 2.315 0.42 2.458 5.8 
w c _  V T a 2 0 L H 0 3  2 . 3 1 3  0 . 4 6  2 . 4 5 8  5 . 9  Of 
3 2 > 
VTa20LH04 2.312 0.42 2.458 5.9 
VTa30LH01 2.318 0.57 2.466 6.0 
VTa30LH02 2.322 0.29 2.466 5.8 
VTa30LH03 2.324 0.44 2.466 5.8 
VTa30LH04 2.322 0.49 2.466 5.9 
fcc- VTa40LH01 2.319 0.61 2.472 6.2 jc n > 
.SPt: 5 
xw> VTa40LH02 2.324 0.46 2.472 6.0 
S-c- VTa40LH03 2.312 0.50 2.472 6.5 41 .= 0) 
5 2 > 





Testing and Analysis Methods 
2.A. I Binder Ft-sti 1134 ;iiul Analysis Methods 
Binder from each plant produced mixture was extracted in accordance with Method A of 
AASHTO standard method for "Quantitative Extraction of Asphalt Binder from Hot Mix Asphalt 
(HMA)" (AASHTO, T 164) and then recovered in accordance with AASHTO standard method for 
"Recovery of Asphalt from Solution by Abson Method" (AASHTO, T170). 
Recovered binders as well as tank sampled binders were graded in accordance with AASHTO 
standard method for "Grading or Verifying the Performance Grade of an Asphalt binder" (AASHTO, 
R29) and AASHTO standard method for "Standard Specification for Performance-Graded Asphalt 
Binder" (AASHTO, M320). Critical cracking temperature was determined in accordance with AASHTO 
standard method for "Standard Practice for Determination of Low-Temperature Performance Grade 
(PG) of Asphalt Binders" (AASHTO, R49) 
The goal of this study was to compare binder properties with mixture performance at low 
temperatures. Therefore, recovered binder low temperature performance grade results only will be 
presented in this study. However, a detailed discussion of the results was presented in (Mogawer, 
Bennert, Daniel, Bonaquist, Austerman, & Booshehrian, 2012). 
Further testing on recovered binders at low temperatures was conducted using the Asphalt 
Binder Cracking Device (ABCD). The ABCD test method has recently been adopted as AAHSTO TP92 
and published in 2011 edition of the AASHTO standards. ABCD test was performed on binder as 
recovered and on recovered binder after being aged using the Pressure Aging Vessel (PAV). 
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2.3.2 Mixture Testing <1 ncl Analy sis' Methods 
2.3.2.1 Low Temperature Creep and Strength 7 cstina 
Low temperature creep compliance and strength tests were conducted following AASHTO 
standard method of test for "Determining the Creep Compliance and Strength of Hot-Mix Asphalt 
(HMA) Using the Indirect Tensile Test Device" (AASHTO, T322-03). 
The indirect tensile test at low temperatures was developed at Pennsylvania State 
University as part of the Strategic Highway Research Program (SHRP) A-005 research contract. The 
Pavement Community has been using the elastic solution for IDT testing that (Hondros, 1959) 
derived using the plane stress assumption. Then a dimensionless correction factor (Ccmpl) 
introduced by (Roque & Buttlar, 1992) was added to the elastic solution in order to account for the 
bulging of specimens that affects horizontal and vertical measurements. This phenomenon was 
observed during a finite element study of cylindrical specimen loaded on its diameter. (AASHTO, 
T322-03) Specification used the elastic solution corrected with the (Ccmpl) correction factor, 
shown in equation 2.5. 
0(1) = X Ccmp, 2.5 
Where, 
D(t) = Creep compliance (1/Pa) 
AXtm t = Computed trimmed mean of the six horizontal deformation arrays (m) 
Davg = average diameter of the three replicate specimens (m) 
bavg = average thickness of the three replicate specimens (m) 
Pavg = average creep load of the three replicate specimens (N) 
GL = gage length (m) 
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C c mpi  = dimensionless correction factor 
Later, (Kim, Daniel, & Wen, 2000) introduced a viscoelastic solution for the IDT creep test 
using the theory of linear viscoelasticity, shown in equation 2.6. 
D ( t ) =  —  ^  [ c  U ( t )  +  e V ( t ) }  2.6 
Where, 
D ( t ) = Creep compliance (1/KPa) 
d  = Specimen thickness (m) 
p = Applied load (KN) 
y(t) = Horizontal deformation (m) 
V ( t )  =  Vertical deformation (m) 
c and e  = Coefficients related to specimen diameter and gauge length 
(Dimensionless) 
c  = 0.611 and e  = 1.685 for specimen with 150 mm diameter and 50.8 mm 
gauge length. 
In this work, both the elastic and viscoelastic solutions were used to calculate creep 
compliance. 
Stress and strain distributions in IDT specimens are biaxial. This biaxial state can cause errors 
in determining the material properties obtained from IDT test unless the derivation of the properties 
is carefully handled. Further details are presented in (Kim, Seo, & Momen, 2009) and (Wen, 2001). 
Specimens were tested using a closed-loop servo-hydraulic system manufactured by Instron 
Inc. shown in Figure 1. Testing experience showed that specimens tested at 0°C or lower generally 
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behave linearly for testing durations up to 1000 sec, if creep loads are kept low enough. That is why 
loading magnitudes were picked by trial and error in ordered to limit horizontal tensile strains to 
300 microstrains or fess to safely ensure linear behavior, and greater than 50 microstrains to keep 
signal to noise ratio high enough. Actual loading duration was 100 sec. 
1 Load Frame 
2 Load Cell 
3 Thermocouple Reader 
4 LapVIEW Software 
Interface 
5 Data Acquisition Set 
6 Temperature Chamber 
7 Hydraulic Power Supply 
8 Temperature Chamber 
Controller 
9 Front Panel 
10 Hydraulic Control Panel 
11 Actuator 
12 Tower Console 
Figure 1 A Closed-loop Servo-hydraulic System Manufactured by Instron Inc. 
A dummy specimen with a thermocouple inserted in to it has been used to ensure that 
specimens reach the target testing temperature ±0.2"C. Taking in consideration that the specimen 
was never kept at 0°C or less for over 24 hours to avoid the effects of low-temperature physical 
hardening, a phenomenon observed by (Bahia, 1991). 
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Specimens' thicknesses were measured following ASTM standards "Thickness or Height of 
Compacted Bituminous Paving Mixture Specimens" (ASTM, D3549). 
Low temperature creep testing data analysis was done after zeroing raw data so that 
loading starts from time equals 0 seconds and subtracting average load and deformations values 
prior to time 0 seconds from measured values, then calculating strains and fitting them to a 
generalized power law function to filter raw data from associated noise using a Matlab code. After 
this step, low temperature creep compliance was calculated using method described in (AASHTO, 
T322-03), (Christensen D., Analysis of Creep Data from Indirect Tension Test on Asphalt Concrete, 
1998), and (Buttlar & Roque, 1994) 
Creep compliance values obtained from the (AASHTO, T322-03) equation were compared 
with the values obtained from the linear viscoelastic solution developed by (Kim, Daniel, & Wen, 
2000). Figure 2 shows a comparison between both methods for computing creep compliance of 
VTe40LH mixture. Results showed good correlation between two methods, so the (AASHTO, T322-








• AASHTO equation Oc 
AASHTO equation -10c 
- AASHTO equation -20c 
Viscoelastic Solution Oc 
1 Viscoelastic Solution -10c 
Viscoelastic Solution -20c 
1.00E-06 
1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06 
reduced time (sec) 
Figure 2 Comparison between AASHTO Equation Vs. The Viscoelastic Solution for Computing Creep 
Compliance 
Strength testing was conducted following (AASHTO, T322-03) standards, with the one 
difference that only load versus time was recorded during testing. 
The average tensile strength at -10C was selected to represent the undamaged tensile 
strength of the asphalt mixture at all temperatures as recommended by (Hiltunen & Roque, 1994). It 
is obvious that the asphalt mixture strength increases with decreasing temperature until a certain 
temperature where strength starts to decrease again, this temperature varies from one mixture to 
another. The decrease in strength at very low temperatures is probably a result of stresses induced 
by differential contraction between aggregate and binder which may cause internal damage and 
dropping mixture strength down. As the peak strength always occurred at a temperature lower than 
-10C, strength measured at -10C may be considered as a conservative evaluation of undamaged 
tensile strength of mixtures at low temperatures. 
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2.3.2.2 Intel -<(inversion between Creep Compliance and Relaxation Modulus 
Asphalt concrete is considered a viscoelastic material, which means that it has the capacity 
to store mechanical energy like elastic materials, and has the ability to dissipate energy like a 
Newtonian viscous fluid in a non-hydrostatic stress state (Christensen R. , 1982). The material 
response is not only a function of the current input, but also of the current and past input history 
which is usually referred to as the hysteretic behavior. When the magnitude of the applied stresses 
and strains are not large enough to cause damage to the asphalt mixture, the response can be 
defined as a linear viscoelastic presented in equation 2.9. This implies that both conditions of 
homogeneity and superposition are satisfied as defined in equations 2.7 and 2.8 respectively 
(Chehab & Kim, Chapter6: Interrelationships among Asphalt Concrete Stiffnesses, 2009) 
Homogeneity: R{AI)  = A /?{/} 2.7 
Superposition: R[l 1  + /2} = /?{/a} + R{I 2 ]  2 . 8  
Where, 
/,/1(/2 = input histories 
R = response 
A = arbitrary constant 
And, 
R =  />w(t-r)^dr 2.9 
Where, 
R h  = unit response function 
I = input 
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t  = time of interest 
r = integration variable 
Creep compliance, relaxation modulus, and dynamic modulus are considered as 
fundamental response functions that can characterize linear viscoelastic behavior of asphalt 
concrete mixtures. These three response functions are mathematically equivalent and can be 
converted from one to another through appropriate mathematical operations. Since the linear 
viscoelastic response function can be expressed through convolution integral, a number of exact and 
approximate methods of inter-conversion between different responses functions are based on the 
numerical evaluation of this convolution integral. 
For instance, a rigorous comparison between different methods for inter-convergence 
between creep compliance and relaxation modulus are presented in (Park & Kim, 1999). These 
methods are exact inter-conversion based on convolution integral and Laplace-transform, Quasi-
Elastic interrelationship, power-law based interrelationship, interrelationship by Christensen (1982), 
Interrelationship by Denby (1975), and a new approximate inter-conversion method presented by 
(Park & Kim, 1999) 
This study used the Power-Law based interrelationship to predict the relaxation modulus of 
each mixture using the experimentally evaluated creep compliance. Further details about the 
method can be found in (Chehab & Kim, Chapter6: Interrelationships among Asphalt Concrete 
Stiffnesses, 2009), also (Park & Kim, 1999) stated that this method is a very accurate in regions in 
which both creep compliance and relaxation modulus can be approximately represented by a 
straight lines on log-log scales, which was the general case in this study. 
The method started with fitting the experimentally calculated creep compliance to a 
generalized power-law function (GPL), equation 2.10. 
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D(t)  =  Dg +  D 1  tn  2.10 
Where, 
D(t) = creep compliance at time t (1/MPa) 
D g  = the glassy compliance 
Dvn = power low function constants 
t = time (sec) 





£(t) = relaxation modulus (MPa) 
D(t ) = creep compliance (1/MPa) 








D(T ) = creep compliance at time X (1/MPa) 
t = time (sec) 
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2.3.2.3 Applini j  (he interrelat ionships uinonfi viscoelastic response (unctions to Complete 
Dynamic Modulus Mnstercurce at Low Temiienitures 
Dynamic modulus and phase angle for the eighteen mixtures were obtained from testing 
conducted at Rutgers University on a uniaxial specimens following AASHTO standard method of test 
for "Determining Dynamic Modulus of Hot-Mix Asphalt Concrete Mixtures" (AASHTO, TP-62). 
Testing was performed on Asphalt Mixture Performance Tester (AMPT) machine manufactured by 
IPC Global. One constraint on using this machine is that the environmental chamber is not able to 
reach a temperature lower than 4°C. 
Creep compliance D(t) obtained from biaxial IDT testing at low temperatures, lower than 
0°C, were used to calculate relaxation modulus E(t) using the interrelationships among viscoelastic 
response functions explained in the previous section. Relaxation modulus E(t) then were used to 
calculate storage modulus E'(oj) and loss modulus E"(gj) which were used to calculate dynamic 
modulus | E* | and phase angle 6 at lower temperature. 
Dynamic modulus and phase angle obtained directly from uniaxial testing and that 
calculated from the biaxial IDT testing at lower temperatures were compared and the results will be 
presented in the results and discussion section. 
Christensen proposed an approximate inter-conversion between relaxation modulus E(t) 
and storage modulus E'(u>) shown in equation 2.13 (Christensen R., 1982) 
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E'{<0) £ F(t)lc=. 2.13 
Where, 
o) = angular frequency 
£"(<u) = storage modulus at angular frequency uj 
£(t) = relaxation modulus at time t 
Loss modulus was calculated from storage modulus using Staverman and Schwarzl 
approximate conversion presented in equation 2.14 (Chehab & Kim, Chapter6: Interrelationships 
among Asphalt Concrete Stiffnesses, 2009) 
£"'(o>) = loss modulus at angular frequency &> 
£'(&)) = storage modulus at angular frequency o) 
ln(a)) = natural logarithm of angular frequency a> 
Dynamic modulus | E* | and Phase angle 6 were calculated from storage modulus E'(a>) and loss 
modulus E"(w) using equations 2.15 and 2.16 respectively 
2 din(o)) 2.14 
Where, 
in = V(E'(W))2 + (E"(<u))2 2.15 
Where, 
|E*| = Dynamic modulus 
£"(&>) = storage modulus 
E"(o>) = loss modulus 
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Where, 
S = phase angle 
£"(co) = storage modulus 
E"(a)) = loss modulus 
1 £,,oo 
5 = tan 2
-
16 E {<!>) 
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2..1,2.1 low Temperature Stress Model ( iCMODl.l) 
Thermal cracking is a very serious and common pavement distress, since it is usually 
irreversible and often expensive to repair. Pavements in cold climates where large variation in 
temperatures occurs during the day are prone to this type of pavement distress. At low 
temperatures, pavements tend to shrink and a thermally induced strain develops, which leads to the 
development of thermal tensile stresses in the restrained surface layer. When thermal stresses 
exceed the asphalt mixture's resistance to fracture, transverse cracks may develop along the length 
of the pavement. Transverse thermal cracks may develop in the pavement under one or very few 
cooling cycles in very severe cooling conditions, generally known as low temperature cracking, or 
can advance at a slower rate, so that it may take several cooling cycles for cracks to develop 
completely through the surface layer under less severe conditions of low temperatures and cooling 
rates, generally referred to as thermal fatigue cracking. 
The thermal cracking term refers to both low temperature cracking and thermal fatigue 
cracking as they have the same failure mechanism with different developing rates. (Hiltunen & 
Roque, 1994) 
Asphalt binder tests and specifications have been developed to minimize the possibility of 
thermal cracking by controlling low temperature creep and fracture properties of asphalt binder, as 
historically thermal cracking has been related to binder properties. However, binder specifications 
alone are not enough to study the potential of thermal cracking as it is dependent on mixture 
mechanical properties like creep compliance and low temperature strength as well as thermal 
contraction coefficient and pavement configuration. 
LTSTRESS spreadsheet developed by D. Christensen was used to predict the mixture critical 
cracking temperature based on the thermal cracking model TCMODEL; a mechanics-based 
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prediction model of asphalt concrete that was developed as part of the Strategic Highway Research 
Program (SHRP) under research contract A-005, then revised and updated to be included in AASHTO 
Mechanistic-Empirical Pavement Design Guide (MEPDG) (Hiltunen & Roque, 1994) and (Buttlar, 
Roque, & Hiltunen, 2009). Inputs of this model are the creep compliance master curve and failure 
limits (low temperature strength) as function of temperature. 
As the actual coefficients of thermal contraction of asphalt cement and aggregate are not 
measured as part of the regular mixture design process, an average value of volumetric coefficient 
of thermal contraction of 3.45 x 10"4/°C was used as recommended by (Hiltunen & Roque, 1994). 
However, the latest version of the LTSTRESS has different equation to calculate the linear coefficient 
of thermal expansion by equation 2.17. 
5 (0.00053 (m - value ) + 0.000077) x Vb% + 0.000007(100 - VMA%) 
«=;X - 1 2.17 
Where, 
a = linear coefficient of thermal expansion (in./in./°F) 
mix m — value = mixture m-value at minimum test temperature 
Vb% = volume of binder in mixture (percent) 
VMA% = voids in mineral aggregate (percent) 
Other assumptions in the spreadsheet calculations are estimated in place corrected IDT 
strength from VFA% = 5.74 x VFA% in the case where no strength testing results are available, field 
strength calibration factor = 0.63 which is an empirical factor based on experience used to convert 
laboratory determined strength to an equivalent strength for a field core, pavement cooling rate = 
10 "F/hour (5.556 °C/hour) and starting temperature for cooling event = 50 °F (10°C) 
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The model inputs are the average 100 seconds creep compliance curves determined from 
multiple specimens, typically three replicates at three temperatures (-20C, -IOC, and OC), and the 
average tensile strength at -IOC. Actual testing and further details are described in section 2.3.2.1. 
Thermal stress prediction within the asphalt layer is based upon Boltzmann's superposition 




a(t) = stress at time t  
- £'(t)) = relaxation modulus at time t 
f(t) = reduced time 
e = strain at  t ime t  
and, 
e = a(r (f'(t)) -  T 0 )  2.19 
Where, 
e = strain at time t  
a  = Linear coefficient of thermal contraction 
= Pavement temperature at time t  
T0 = Pavement temperature when a = 0 
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2.3.2.5 I 'at i i f i ic Testing 
Fatigue testing was conducted on uniaxial specimens fabricated from the eighteen mixtures 
using the Asphalt Mixture Performance Tester (AMPT) machine manufactured by IPC Global, Also 
known as Simple Performance Tester (SPT). Testing was performed following a proposed standard 
method of test for "Determining the Damage Characteristic Curve of Asphalt Concrete from Direct 
Tension Cyclic Fatigue Tests" developed at North Carolina State University (NCSU) using UTS032 
Software which is developed to be compatible with the ALPHA Fatigue software that conducts S-
VECD analysis developed at NCSU as well. 
The uniaxial specimen dimensions are 150 mm height and 100 ± 0.5 mm in diameter, and a 
gauge length of 70 ± 1 mm was used. 
A dynamic modulus fingerprint test is conducted in the push-pull mode of loading at 10 Hz 
and 25°C. The dynamic modulus obtained from the fingerprint test was used to estimate loads to 
apply in order to achieve the target specimen strains. The fingerprint test is also used to calculate 
the dynamic modulus ratio (DMR) which was used later to normalize the characteristic curve and to 
reduce the sample to sample variation. 
\E * Ifp 
DMR = ,T P  2.20 
|£ * ILVE 
Where, 
DMR = dynamic modulus ratio, which is the specimen variability compensation 
parameter 
\E * \FP  = dynamic modulus determined from fingerprint test 
\E *  ILVE = average representative dynamic modulus for the mixture at the temperature 
and frequency of interest 
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After the dynamic modulus figure print testing was done, specimens were allowed to rest 
for a period of 20 minutes to 45 minutes prior to starting the fatigue testing. 
Four replicates of each mixture were tested by applying sinusoidal load at a frequency of 10 
Hz at 25"C, where two replicates were tested at a higher strain level so that the specimen may fail 
around 1000 cycles, and two other replicates were tested at a lower strain level to obtain failure 
around 10,000 cycles. The point of failure is defined when the calculated phased angle starts to 
decrease indicating the formation of macro-cracks. 
High and low strain levels were estimated using equation 2.21. 
Where, 
£1000 = 1257e"000015'£*' 
£iooo = initial test peak to peak strain magnitude for 1000 cycles to failure in 
microst rains 




N, J .target 1000 y 
/ (£0,target 1000) 
-1/5.S 
2 . 2 2  
Where, 
£10,000 = initial test peak to peak strain magnitude for 10,000 cycles to failure in 
microstrains 
Nf,target iooo = number of cycles to failure tested by applying e1000 target strain 
£o.target iooo = actual peak to peak strain magnitude for 1000 cycles to failure in microstrains 
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2.3.2.6 S-VF.CD MorfeHiu) 
Viscoelastic Continuum Damage (VECD) model is a model based on two principles: the 
elastic-viscoelastic correspondence principle based on pseudo strain and the continuum damage 
mechanics based work potential theory (Kim Y., 2009). 
Historically, studies on fatigue cracking and asphalt concrete have been empirical in nature. 
However, the asphalt research community is moving towards the mechanistic approaches. In order 
to progress to a mechanistic approach, VECD was developed over time by the accumulative effort of 
many research scientists, Kim and Little started to apply Schapery's nonlinear viscoelastic 
constitutive theory for materials with scattered damage to sand asphalt under cyclic loading (Kim & 
Little, 1990). Further effort by Lee and Kim lead to the development of the VECD model to be 
applied to asphalt concrete under both stress controlled and strain controlled cyclic loading (Lee & 
Kim, 1998). Chehab, et. al. proved that the time-temperature superposition not only valid in the 
linear viscoelastic range but for damaged material as well. As the characteristic curve in this model is 
a true material function, characteristic curve can be developed at any temperature by applying the 
time-temperature superposition principle (Chehab, Kim, Schapery, Witczak, & Bonaquist, 2001). 
Later, Daniel and Kim introduced a simplified procedure to determine damage characteristics of 
asphalt concrete. (Daniel & Kim, 2002). Taking in consideration the difference between simple 
model and simplified model; simplified model implies that the model uses a rigorous fundamental 
approach to simplify the model so that it can be widely applied to different conditions. Findings by 
(Chehab, Kim, Schapery, Witczak, & Bonaquist, 2001) and (Daniel & Kim, 2002) significantly reduced 
the required testing protocol and extended the model's range of application. In the simplified model 
monotonic tensile loading was successfully used to conduct VECD testing. However, loading levels 
required for testing are near the capacity of the AMPT machine. Recently, Underwood and Kim 
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worked on the S-VECD model to be used with the AMPT, using cyclic loading mode of testing and 
piecewise approach to analyze fatigue testing data to speed up computations. However, applying 
the rigorous model to cyclic loading mode of testing, which can easily have more than 10 million 
data points, is computationally cumbersome even with simplified techniques. Therefore the first five 
cycles of fatigue testing are rigorously analyzed using VECD model, and the rest of the data till 
specimen failure are modeled using the S-VECD model (Underwood & Kim, 2010). This approach was 
applied during testing using the UTS032 software, which is compatible with the ALPHA Fatigue 
software for S-VECD analysis developed at North Carolina State University (NCSU). 
Fundamental principles and theories related to S-VECD will be discussed very briefly. 
Schapery's work potential theory was developed using the method of thermodynamics of 
irreversible processes to describe the mechanical behavior of elastic composite materials with 
growing damage. (Kim Y., 2009). The response of a linear viscoelastic (LVE) material to any input 
history is described using a convolution integral. For the uniaxial specimens tested the non-aging, 




a = uniaxial stress 
e = uniaxial strain 
£(t) = relaxation modulus 
D(t) = creep compliance 
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t = elapsed time from specimen fabrication and the time of interest 
T = time when loading began 
in the VECD model, a viscoelastic problem is transformed to an elastic case by replacing 
physical strains by pseudo strains based on the extended elastic-viscoelastic correspondence 
principle proposed by Schapery (Kim Y. , 2009). He proposed to use pseudo variables instead of 
stresses and strains which are not necessarily physical quantities so that the constitutive equations 
for viscoelastic materials can be identical to those for the elastic cases. The uniaxial pseudo strain 





eR = uniaxial pseudo strain 
ER = reference modulus that is an arbitrary constant 
E{t) = relaxation modulus 
t  = elapsed time from specimen fabrication and the time of interest 
t = time when loading began 
Using the pseudo variable, the viscoelastic constitutive equation can be written as equation 
2.26 
a = ER E t  2.26 
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A correspondence may be found between equation 2.26 and the linear elastic constitutive equation 
known as Hooke's law. 
The ALPHA Fatigue software which performs the S-VECD model constructs the characteristic 
curve. This curve describes the reduction in material integrity in terms of normalized pseudo secant 
modulus, C, as damage grows in the specimen where S is the Damage parameter also known as 
internal state variable S. To describe that in more details equation 2.27 showed the viscoelastic 
constitutive relation of a specimen with damage. 
a = C(SM )  ER  ER  2.27 
Where, 
a = uniaxial stress 
eR = uniaxial pseudo strain 
ER  = reference modulus that is an arbitrary constant 
Sm = internal state variable 
C(SM) = normalized pseudo secant modulus as a function of damage parameter 
In the continuum damage mechanics, the damaged material can be studied as a 
homogenous continuum on the macroscopic scale. However, the damage is considered as the 
reduction in stiffness of the material. The internal state variable SM in the work potential theory is a 
variable to quantify the damage. (Kim Y., 2009). 
The damage parameter was calculated by equation 2.28 
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dSi = (-0.5 (sR)i2 AQ)a/(1+a) x (At)t1/(1+a) 2.28 
Where, 
£fi = pseudo strain 
a = damage evolution rate 
t = reduced time 
AC; = difference between the C values at consecutive cycles i and i-1 
The normalized pseudo secant modulus C is defined by equation 2.29 
a 
C = -=———- 2.29 
ER  x DMR 
Where, 
C = normalized pseudo secant modulus 
a = uniaxial stress 
DMR = dynamic modulus ratio 
eR = pseudo strain 
Alpha Fatigue software then uses dynamic modulus and phase angle testing data to 
calculate relaxation modulus and shifts them by second-order polynomial shift factors. The software 
then uses the master curve in conjunction with fatigue testing data to produce the characteristic 
curves by fitting them to an exponential model. Finally, the software uses the characteristic curves 
to predict the number of cycles until failure (Nf) for different temperatures, frequencies, strains and 
stresses as well as predicting the endurance level for a range of temperatures and frequencies. 
2..).2.7 Modif ied l .ott innn lest for Moisture Induced Dtunuije Resistance 
Moisture induced damage may weaken the bond between the asphalt binder and the 
aggregate leading to a loss of mixture strength, also known as stripping. The loss of mixture strength 
is usually gradual over a period of time. However, it can be sudden and catastrophic where the 
adhesion between mixture components is lost and distresses develop rapidly. Repairs and 
rehabilitation of pavement failures and distresses caused by stripping costs a lot of money each year 
in the United States of America. (NCAT, 1996) 
It is important to note that this type of distresses mainly depends on mixture design and 
properties. However, it is possible for a mixture with a proper design and good laboratory properties 
to strip if field compaction is not adequate. 
In this section, mixture resistance to moisture induced damage was evaluated using the 
modified Lottman test following AASHTO standard method of test for "Resistance of compacted 
Asphalt Mixtures to Moisture-Induced Damage" (AASHTO, T283-03). This test method was proposed 
by Kandhal and was approved by AASHTO in 1985. Six specimens were compacted to 7±0.5 % air 
void content. These specimens were divided in to two sets of three specimens each, a control 
(unconditioned) set and a set subjected to conditioning of one freeze-thaw cycle following (AASHTO, 
T283-03). Specimens were assigned in each of the two sets in order to minimize the difference 
between the average air void content of each set. The ratio between average strength of the 
conditioned set to the average strength of the control set, also known as tensile strength ratio (TSR) 
was computed. A minimum TSR of 0.7 is usually specified. (NCAT, 1996) 
Specimen dimensions were 150mm in diameter by 95 ± 5 mm thick. The conditioned set was 
partially saturated to 70 to 80 percent by submerging specimen under water in a vacuum container, 
wrapped tightly with a plastic film in a plastic bag containing 10 ± 0.5 mL of water, placed in a 
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freezer at a temperature of -18 ± 3°C for a minimum 16 hours. Then specimens placed in a water 
bath at 60 ± 1°C for 24 ± 1 hour, while removing the plastic wrapping film and bag. Last step in 
conditioning process was to place the specimens in a water bath at 25 ± 0.5°C for 2 hours ± 10 
minutes prior to testing. (AASHTO, T283-03). 
Tensile strength calculation: 
2 P 
S t  = 2.30 




S t  = tensile strength, psi 
P = maximum load, lbs. 
t = specimen thickness, in. 
D = specimen diameter, in. 
Tensile Strength Ratio (TSR) = ^  2.31 
S i 
= average tensile strength of the control set. 
S2 = average tensile strength of the conditioned set. 
As part of the overall effort of this study, The Hamburg Wheel Tracking Device (HWTD) was 
used to evaluate mixture resistance to moisture induced damage for the same eighteen mixtures at 
University of Massachusetts, at Dartmouth laboratories following AASHTO standard method for 
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"Hamburg Wheel-Track Testing of Compacted Hot-Mix Asphalt (HMA)" (AASHTO, T324). Results of 
the two tests will be compared and discussed in the following chapter. 
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Chapter 3 : Results and Discussion 
3.3 Binder Testing Results 
Testing results on extracted and recovered binder from each mixture are presented in 
Table 3.1. The table presents a comparison between results of different binder testing. Base PG-
grade binder is the PG-grade of the virgin binder of each mixture, critical cracking temperature is 
determined in accordance with (AASHTO, R49), and low temperature continuous PG-grade is 
determined in accordance with (AASHTO, R29)and (AASHTO, M320). Finally, Asphalt Binder Cracking 
Device (ABCD) testing results are presented for both as recovered and PAV aged binders. Mixtures 
produced in same state were ranked according to testing results in ascending order. Ranks showed 
that using softer binder usually lead to higher resistance to low temperature cracking. Studying 
continuous PG-grading results the following was observed: all NH-mixtures showed no low 
temperature grade changing, for NY-mixtures no grade changing up to 30% was observed but at 
40% RAP the low temperature continuous PG-grade was warmer than the virgin binder grade used, 
and for VT-mixtures no grade changing was observed on the lower temperature side of all VTe 
mixtures and all mixture of VTa showed low temperature continuous grading warmer than the used 
virgin binder. Further discussion for binder testing results and comparison between different testing 
methods, as well as, a comparison between binder and mixture testing results are presented in 
section 3.3. 
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"C Rank °C Rank °C Rank *C Rank 
NYdOO PG 64-22 -25.5 3 -26.7 3 -33.8 3 -31.7 3 
NYd20 PG 64-22 -22 6 -25.9 4 -32.5 4 -31.4 4 
NYd30 PG 64-22 -24 5 -22.9 5 -32.3 5 -30.4 5 
NYd40 PG 64-22 -24.3 4 -18.3 6 -32.1 6 -30.3 6 
NYb30 PG 58-28 -30.3 1 -28.2 2 -36.2 2 -32.9 2 
NYb40 PG 58-28 -30.2 2 -29.3 1 -37.3 1 -33.9 1 
NHeOO PG 64-28 -28 4 -31.1 1 -35.7 2 -34.1 2 
NHe20 PG 64-28 -28.3 3 -30 2 -34.6 3 -34.2 1 
NHe30 PG 64-28 -29.6 1 -29.8 3 -33.2 4 -32.1 3 
NHe40 PG 64-28 -28.5 2 -29 4 -36.2 1 -30.9 4 
VTeOO PG 64-28 -28.4 7 -28,7 7 -39.2 5 -35 5 
VTe20 PG 64-28 -29.1 5 -30.3 4 -37.1 7 -32.8 8 
VTe30 PG 64-28 -28.2 8 -28.5 8 -36.4 8 -34.7 6 
VTe40 PG 64-28 -28.5 6 -29 6 -38 6 -33.7 7 
VTaOO PG 52-34 -34.5 3 -30.1 5 -44.2 1 -40.5 1 
VTa20 PG 52-34 -35.3 1 -31.4 3 -41.8 2 -39.3 2 
VTa30 PG 52-34 -34.7 2 -32 2 -41.5 4 -38.6 3 
VTa40 PG 52-34 -31.7 4 -32.8 1 -41.7 3 -38 4 
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3.2 Mixture Testing Results 
3.2.1 Low Temperature Creep Compliance 
The creep compliance master curves of different mixtures with various RAP contents and 
binder PG-grades are shown on a log-log scale in Figure 3 through Figure 14. The curves represent a 
power-law fit of the data from three testing replicates in most cases. A statistical analysis was 
performed on the results to determine if the creep compliance master curves were significantly 
different or not. Two samples, two tailed t-test at selected reduced time values (0.1,0.3,1, 3,10, 30, 
and 100 sec) were performed. Two types oft-test were used based on a previous F-test. The F-test 
determined whether or not the two compared sets had equal variance or not, and based on that a t-
test for equal or unequal variance was performed. Results of t-test are presented in Table 3.2 
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reduced time (sec) 
Figure 3 Creep Compliance (1/MPa) - NY Mixtures PG 64-22 
Creep compliance comparison between NYd mixtures with 20%, 30%, and 40% RAP contents 
shows that mixtures with higher RAP content have lower creep compliance. However, NYdOOLH 














1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06 
reduced time (sec) 
Figure 4 Creep Compliance (1/MPa) - NY Mixtures PG 58-28 
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reduced time (sec) 





1.00E-02 1.00E-01 l.OOE+OO 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05 
reduced time (sec) 
Figure 6 Creep Compliance (1/MPa) - NY Mixtures 30% RAP (b: PG 58-28) (d: PG 64-22) 
Comparisons between mixtures at the same RAP content and different binder grade show 
that mixtures with stiffer binder grade have lower creep compliance. 
Another way to show the differences in relative behavior of mixtures with different binder 
PG grades at various RAP contents is to calculate the area between the creep compliance master 
curves of mixtures with different PG grades at different RAP contents. As described before, mixtures 
with stiffer binder have lower creep compliance at the same RAP content. The difference in creep 
compliance values between using softer and stiffer binders was quantified by calculating area 
between their master curves. Figure 7 and Figure 15 show the obtained relation concerning areas 
between creep compliance master curves and RAP contents 
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. A general trend showed in Figure 7 and Figure 15 is that the area between curves 
decreases with the increase of the RAP content, with the exception of VT mixtures at 20% RAP 
content. This comparison showed that RAP content may impact the difference in mixture 
compliance due to using different binders. 
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Figure 7 Area between Creep Compliance Master Curves of NY-Mixtures with Different Binder PG 









1.00E-02 l.OOE-Ol l.QOE+OO l.OOE+Ol 1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06 
reduced time (sec) 
Figure 8 Creep Compliance (1/MPa) - All NH Mixtures (e: PG 64-28) 
Creep compliance master curves of NH mixtures showed that mixture with 40% RAP has 
lower creep compliance than 30% RAP mixture. Mixtures with 20% and 0% RAP contents showed 
different trend. Another important observation that NHeOOLH mixture creep compliance curve has 
different curve shape compared to other NH mixtures. Close observations have been shown by 
dynamic modulus data comparisons on uniaxial testing. Inconsistence in silo storage time for some 
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1.00E-05 
1.00E-02 l.OOE-Ol l.OOE+OO l.OOE+Ol 1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06 
reduced time (sec) 
Figure 10 Creep Compliance (1/MPa) - VT Mixtures PG 52-34 
For VT mixtures, mixtures with 40% RAP have lower compliance than 30% RAP. VTa mixtures 
and the majority of VTe mixtures creep compliance curve also show that mixtures with 20% RAP 
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have lower compliance than virgin mixtures. However, inconsistent production details may be the 
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1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05 
reduced time (sec) 
Figure 13 Creep Compliance (1/MPa) - VT Mixtures 30% RAP (a: PG 52-34) (e: PG 64-28) 
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1.00E-02 1.00E-01 l.OOE+OO 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06 
reduced time (sec) 
Figure 14 Creep Compliance (1/MPa) - VT Mixtures 40% RAP (a: PG 52-34) (e: PG 64-28) 
Consistent trend is observed in the comparison of creep compliance master curves of 
mixtures at the same RAP content with different binder grades, that mixtures with stiffer binder 
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Figure 15 Area between Creep Compliance Master Curves of VT-Mixtures with Different Binder PG 
Grades Versus RAP Content 
Figure 15 shows that area between curves decreases with the increase of the RAP content, 
with the exception of VT mixtures at 20% RAP content. This comparison showed that RAP content 





Tjblc 3.2 t - Test Statistical Analysis for Creep Compliance Comparisons - NY Mixtures 




























0.1 0.955 0.646 0.892 0.327 0.638 0.271 0.993 0.101 0.249 
0.3 0.866 0.599 0.927 0.369 0.603 0.227 0.615 0.037 0.271 
1 0.710 0.544 0.999 0.562 0.578 0.204 0.137 0.005 0.345 
S 3 0.523 0.435 0.878 0.855 0.577 0.251 0.060 0.001 0.469 
10 0.347 0.247 0.661 0.904 0.603 0.380 0.058 0.001 0.536 
30 0.271 0.152 0.455 0.796 0.646 0.510 0.061 0.002 0.431 
100 0.283 0.130 0.350 0.802 0.741 0.673 0.103 0.010 0.188 
0.1 0.898 0.139 0.356 0.004 0.392 0.906 0.175 0.014 0.303 
0.3 0.996 0.136 0.377 0.033 0.500 0.952 0.147 0.013 0.275 
1 0.832 0.240 0.423 0.251 0.444 0.961 0.111 0.014 0.222 
u 0 
o 3 0.775 0.485 0.459 0.601 0.544 0.858 0.082 0.016 0.157 
10 0.847 0.737 0.429 0.836 0.530 0.730 0.069 0.021 0.094 
30 0.951 0.834 0.318 0.874 0.405 0.610 0.072 0.024 0.064 
100 0.933 0.807 0.195 0.778 0.227 0.491 0.077 0.023 0.058 
0.1 0.445 0.218 0.130 0.942 0.803 0.719 0.622 0.612 0.699 
0.3 0.461 0.262 0.162 0.998 0.835 0.733 0.547 0.458 0.916 
1 0.471 0.303 0.197 0.947 0.928 0.767 0.457 0.319 0.789 
U o 
o 3 PM t 
0.469 0.330 0.221 0.911 0.977 0.807 0.367 0.225 0.551 
10 0.450 0.343 0.224 0.878 0.975 0.850 0.269 0.157 0.375 
30 0.402 0.338 0.197 0.841 0.912 0.879 0.195 0.124 0.287 
100 0.289 0.316 0.140 0.755 0.850 0.887 0.156 0.117 0.284 
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Table 3.4 t - Test Statistical Analysis for Creep Compliance Comparisons - VT Mixtures 
PG 64-28 



















0.1 n/a n/a n/a 0.228 0.984 0.241 
0.3 n/a n/a n/a 0.173 0.616 0.234 
1 n/a n/a n/a 0.167 0.182 0.273 
u e 
O 3 n/a n/a n/a 0.199 0.069 0.434 
10 n/a n/a n/a 0.256 0.048 0.929 
30 n/a n/a n/a 0.326 0.223 0.718 
100 n/a n/a n/a 0.438 0.204 0.441 
0.1 0.263 0.824 0.616 0.013 0.086 0.293 
0.3 0.276 0.792 0.754 0.014 0.045 0.872 





3 0.561 0.675 0.188 0.029 0.004 0.044 
10 0.644 0.584 0.102 0.068 0.003 0.031 
30 0.658 0.321 0.061 0.050 0.004 0.090 
100 0.546 0.114 0.045 0.019 0.005 0.428 
0.1 0.437 0.926 0.336 0.142 0.735 0.079 
0.3 0.458 0.852 0.361 0.149 0.716 0.096 
u o 
o Cvl 1 
1 0.495 0.790 0.387 0.183 0.662 0.124 
3 0.548 0.746 0.403 0.230 0.566 0.149 
10 0.635 0.703 0.402 0.290 0.424 0.162 
30 0.748 0.658 0.373 0.346 0.320 0.147 
100 0.893 0.585 0.295 0.409 0.277 0.094 
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Table 3.5 t - Test Statistical Analysis for Creep Compliance Comparisons - VT Mixtures 
PG 52-34 



















0.1 0.108 0.036 0.033 0.339 0.191 0.461 
0.3 0.157 0.056 0.035 0.443 0.181 0.338 
1 0.261 0.103 0.035 0.596 0.175 0.245 
u 0 
o 
3 0.398 0.185 0.033 0.731 0.181 0.200 
10 0.540 0.303 0.030 0.833 0.201 0.183 
30 0.671 0.394 0.028 0.883 0.231 0.187 
100 0.721 0.452 0.028 0.903 0.273 0.208 
0.1 0.134 0.586 0.324 0.023 0.986 0.299 










3 0.106 0.361 0.127 0.168 0.564 0.149 
10 0.079 0.290 0.085 0.182 0.449 0.121 
30 0.056 0.254 0.071 0.150 0.369 0.109 
100 0.053 0.244 0.082 0.098 0.317 0.105 
0.1 0.120 0.343 0.202 0.018 0.036 0.368 
0.3 0.071 0.378 0.183 0.011 0.075 0.178 
1 0.083 0.446 0.159 0.014 0.198 0.090 
o o 
o 
<N 3 0.097 0.548 0.137 0.033 0.504 0.073 
10 0.117 0.690 0.114 0.073 0.961 0.070 
30 0.124 0.792 0.090 0.105 0.641 0.067 
100 0.109 0.715 0.069 0.125 0.590 0.069 
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Table 3.6 t - Test Statistical Analysis for Creep Compliance Comparisons 
PG 64-28 Vs. PG 52-34 
- VT Mixtures 













0.1 n/a 0.115 0.115 0.758 
0.3 n/a 0.106 0.103 0.603 
1 n/a 0.142 0.094 0.369 
3 n/a 0.186 0.093 0.198 
10 n/a 0.218 0.101 0.111 
30 n/a 0.237 0.114 0.299 
100 n/a 0.259 0.137 0.281 
0.1 0.065 0.605 0.001 0.691 
0.3 0.043 0.327 0.001 0.661 
1 0.023 0.247 0.001 0.613 
3 0.012 0.176 0.001 0.556 
10 0.006 0.114 0.002 0.486 
30 0.006 0.065 0.003 0.425 
100 0.010 0.004 0.003 0.372 
0.1 0.382 0.530 0.534 0.124 
0.3 0.350 0.919 0.403 0.106 
1 0.301 0.475 0.321 0.076 
3 0.247 0.157 0.262 0.045 
10 0.183 0.066 0.193 0.019 
30 0.127 0.059 0.129 0.007 
100 0.087 0.092 0.076 0.002 
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Overall observations from the creep compliance data are summarized as follows: 
• Mixtures with stiffer binders showed less compliance at low temperature than mixtures 
with softer binders. This trend was clear on all mixture with no exceptions. At lower 
temperatures the binder is playing an important role in the properties of the mixtures and 
that is why stiffer binders may lead to stiffer mixtures at low temperatures which mean less 
compliance. 
• Mixtures with 40% RAP content showed less compliance than mixtures with 30% RAP 
content of the same PG-grade with no exceptions. Mixtures with 20% RAP content in most 
cases showed less compliance than virgin mixture (0%RAP) of the same PG-grade. 
• Comparing the four different RAP content together in most cases did not show a clear trend 
between the four levels. 
• Many reasons might be affecting relative properties of the mixtures. Mixtures produced in a 
drum plant facility (NY and NH Mixtures) were stored in a silo before being sampled. The 
storage time in the silos were not consistent, it was mainly dependent on the construction 
schedule, for example NHeOOLH mixture in Figure 8 showed a different trend than the rest 
of mixtures and it was stored for 6 hours in the silo compared to (0 to 1.25 hour) for the rest 
of NH - Mixtures. Another factor that might have an impact on the mixture compliance is 
that the discharge temperature at sampling was not consistent. Both longer storage time 
and higher discharge temperatures may contribute to additional aging and more interaction 
between virgin binder and RAP binder, which may have a significant effect on mixture 
compliance. Table 2.5 presents all the silo storage time, production temperatures, and other 
important volumetric properties that may have an effect as well. 
• Not all the observed trends were shown to be statistically significant. However, the 
correlation between the stiffer binder and the lower compliance at low testing 
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temperatures proved to be statistically significantly different for NY-Mixtures 30% RAP at 
0°C and -10'C, VT-Mixtures 0%RAP and 30%RAP at -10°C, and VT-Mixtures 40% RAP at -20°C. 
• Finally, good correlation was observed between AASHTO equation for creep compliance and 
the Viscoelastic solution based on linear viscoelasticity introduced by (Kim, Daniel, & Wen, 
2000) 
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3.2 .2  Low Temperature  St rength  Test ing Resul ts  
The average low temperature strength values at -10°C for mixtures with various RAP 
contents and binder PG-grades are shown in Figure 16 through Figure 18. The error bars represent 
the maximum and minimum values. Average values are based on 3 replicates in most cases. In 
general, low temperature strength tends to increase with the increase in the RAP content of the 
mixture. Statistical analysis (t-test) was performed on the results and p-values are shown in 
Table 3.7 through Table 3.9. In most cases they are not statistically different at 95% confidence. 
Ranking comparison between average low temperature strength at -10°C and the average strength 
of the unconditioned set of the Modified Lottman test at 25 °C are shown in Table 3.17. Comparison 
between them showed a good correlation between results ranking of the two cases. 
4.5 
NYdOOIX NYd20LH NYd30LH NYd40LH NYb30lH NYMOIH 
Figure 16 Low Temperature Strength (MPa) at -10°C - NY Mixtures (b: PG 58-28) (d: PG 64-22) 
76 
By comparing results with the volumetric properties of the mixtures the drop in the strength 
of the NYd20LH may be related to the percent of voids filled with asphalt (%VFA) as it is 79.9% for 
NYd20LH versus 85.1% to 89.3% for the rest of NY- PG64-22 mixtures. However, it is not always the 
case for NH or VT mixtures with lower average strength values. 
NYdOOLH showed less compliance and also higher strength than the general expected and 
observed trend. 
Table 3.7 t - Test Statistical Analysis for Low Temperature Strength Comparisons - NY Mixtures 
p -Values for t -Test - NY Mixtures 
NYdOOLH Vs. NYd20LH 0.514 
NYdOOLH Vs. NYd30LH 0.154 
NYdOOLH Vs. NYd40LH 0.120 
NYd20LH Vs. NYd30LH 0.111 
NYd20LH Vs. NYd40LH 0.124 
NYd30LH Vs. NYd40LH 0.821 
NYb30LH Vs. NYb40LH 0.237 
NYb30LH Vs. NYd30LH 0.826 




















NHe20lH NHe30LH NHe40tH 
Figure 17 Low Temperature Strength (MPa) at -10°C - NH Mixtures (e: PG 64-28) 
Table 3.8 t — Test Statistical Analysis for Low Temperature Strength Comparisons - NH Mixtun s 
p -Values for t -Test - NH Mixtures 
NHeOOLH Vs. NHe20LH 0.055 
NHeOOLH Vs. NHe30LH 0.069 
NHeOOLH Vs. NHe40LH 0.038 
NHe20LH Vs. NHe30LH 0.122 
NHe20LH Vs. NHe40LH 0.850 
NHe30LH Vs. NHe40LH 0.097 
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VTeOOLH VTe20LH VTe30LH VTe40lH VTaOOlH VTa20LH VTa30tH VTatfKH 
Figure 18 Low Temperature Strength (MPa) at -10°C - VT Mixtures (a: PG 52-34) (e: PG 64-28) 
NY and NH generally show an increase in average low temperature strength with the 
increase of RAP content, except for 20% RAP of NH mixture case. The VT showed a clearer trend. 
This trend was statistically significant only between NHe40LH versus NHeeOOLH and VTe30LH versus 
VTeOOLH. 
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Table 3.9 t - Test Statistical Analysis for Low Temperature Strength Comparisons - VT Mixture 
p -Values for t -Test - VT Mixtures 
VTeOOLH Vs. VTe20LH 0.243 
VTeOOLH Vs. VTe30LH 0.040 
VTeOOLH Vs. VTe40LH 0.875 
VTe20LH Vs. VTe30LH 0.903 
VTe20LH Vs. VTe40LH 0.188 
VTe30LH Vs. VTe40LH 0.042 
VTaOOLH Vs. VTa20LH 0.153 
VTaOOLH Vs. VTa30LH 0.180 
VTaOOLH Vs. VTa40LH 0.072 
VTa20LH Vs. VTa30LH 0.755 
VTa20LH Vs. VTa40LH 0.423 
VTa30LH Vs. VTa40LH 0.697 
VTaOOLH Vs. VTeOOLH 0.055 
VTa20LH Vs. VTe20LH 0.051 
VTa30LH Vs. VTe30LH 0.028 
VTa40LH Vs. VTe40LH 0.500 
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? I( M()l)i:i. Re stills 
Neither creep compliance nor average low temperature strength alone can be used to 
determine when a mixture will crack. Material with lower compliance will not crack if it is strong 
enough at low temperature, and a weak material will not crack if its compliance is relatively high. 
TCMODEL predicted critical cracking temperatures are shown in Table 3.10 They are based 
on both creep compliance data and average low temperature strength values of each mixture. The 
latest version of a spread sheet made by Don Christensen was used (LTSTRESS_APR_2012). The 
results are based on some new features added to the spread sheet latest version summarized as 
follow: 
1) An improved method to estimate the coefficient of linear thermal expansion 
2) An empirical correction factor applied to the laboratory determined IDT strength to 
account for non-ideal behavior during test, in case of not using LVDT during strength test 
to avoid potential damage. 
3) Another empirical factor (Field/Lab Calibration Factor) used to convert the laboratory 
measured strength to an equivalent strength for a field core, which is assumed to be 
equal 0.63. However, in this study this factor was also set to 1.0, results from the two 
cases are presented. 
4) It is important to note that pavement cooling rate was assumed to be 10 °F/hour (5.556 
°C/hour) and starting temperature for cooling event = 50 °F (10°C). This is important 
when results are used in comparison with other mixture or binder testing data. 
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5) The conversion between low pavement temperature to low air temperature is done using 
the Canadian SHRP equation 3.1 (Christensen D., 2012) 
Tpave - 0.859 Tair + 1.7 in degrees Celsius 3.1 
It is also important to note that the model uses Gauss-Newton non-linear least 
squares iterative procedure to calculate relaxation modulus, which may not always 
converge. In this study a poor convergence in the model happens to mixtures NYb30LH and 
NYb40LH, and this may explain why they are not following the expected trend. 
The Gauss-Newton non-linear least squares procedure is an iterative calculation, 
which may not always converge. 
Comparisons between TCMODEL pavement and air critical cracking temperature for 
Field/Lab correction factors equal to 0.63 and 1.0 are presented in Figure 19 through Figure 
21 
A general trend is that the pavement cracking temperature in most cases is warmer 
for mixtures with high RAP content and is colder for mixtures with softer binder except 
NYb30LH and NYb40LH as they have issues with convergence in the spread sheet. 
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Table 3.10 TCMODEL Results Summary 









NYdOOLH -10 -14 -14 -18 
NYd20LH -11 -14 -15 -19 
NYd30LH -9 -12 -13 -18 
NYd40LH -10 -13 -13 -17 
NYb30LH -7 -11 -9 -12 
NYb40LH -7 -10 -9 -13 
NHeOOLH -17 -22 -20 -26 
NHe20LH -15 -20 -20 -25 
NHe30LH -14 -18 -18 -23 
NHe40LH -14 -18 -18 -23 
VTeOOLH -16 -21 -20 -26 
VTe20LH -13 -17 -16 -21 
VTe30LH -19 -24 -23 -28 
VTe40LH -12 -17 -16 -21 
VTaOOLH -17 -22 -20 -26 
VTa20LH -18 -23 -22 -27 
VTa30LH -18 -23 -23 -28 
VTa40LH -14 -18 -17 -22 
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Figure 20 TCMODEL Critical Temperatures Comparisons - NH Mixtures 
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VTeOOLH VTe20LH VTe30LH VTe40lH VTaOOlH VTa20LH VTa30LH VT»40LH 
23-2ir 
I Pavement Critical Temp. *C 
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•26 
-28 
Figure 21 TCMODEL Critical Temperatures Comparisons - VT Mixtures 
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3 .2 .4  Re laxa t ion  Modulus  
The predicted relaxation modulus master curves of different mixtures with various RAP 
contents and binder PG-grades are shown on a log-log scale in Figure 22 through Figure 32. The 
mixtures have the same ranking as in creep compliance, because the presented relaxation modulus 
was predicted from creep compliance results. This means that mixtures with lower creep 
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Figure 32 Relaxation Modulus (MPa) - VT Mixtures 40% RAP (a: PG 52-34) (e: PG 64-28) 
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3.2.5 Dynnmic Modulus 
The predicted dynamic modulus master curves from the low temperature (0°C to -20°C) 
creep compliance test in biaxial Indirect Tension (IDT) mode were compared to the uniaxial dynamic 
modulus testing data using the Asphalt Mixture Performance Tester (AMPT) at intermediate to high 
temperatures (4°C to 35°C) at Rutgers University. 
In order to compare the two data sets they were plotted on a log-log scale after shifting the 
two data sets to 0°C using obtained shift factors reported from data analysis of each set. Also the 
shift factor fitting comparisons between the two sets are presented on a semi-log scale versus time. 
Comparisons are presented in Appendix C; only three mixtures are presented in this section. 
Where, Figure 33 and Figure 34 showed the best overlap between Uniaxial and Biaxial results and 
the best matching slopes on the shift factor plot. However, Figure 35 through Figure 38 showed the 
poorest correlation between different data sets. 
In general, good overlap observed between the two sets of results. However, the two sets of 
results are from different mode of testing, different laboratory and with different types of testing 
machines and operators. Taking in consideration that one of the two sets of dynamic moduli 
presented was measured directly from testing raw data and the other set was predicted using 
approximate methods from measured creep compliance. Observed results showed the following: 
• Results from indirect tension (IDT) loading mode and uniaxial loading mode are 
comparable. 
• Differences observed in results due to different laboratories and operators and 
different specimen geometry for many mixtures are very small. 
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• The approximate prediction methods from creep compliance to relaxation modulus 
and from relaxation modulus to dynamic modulus used are suitable and can be used 
with this data. 
• Creep compliance results at low temperatures can be used to complete dynamic 
modulus master curves obtained from AMPT machines beyond the temperature 
chamber limits of the testing machine produced by IPC, Inc. 
• Slope of shift factors versus temperature used for the construction of master curves 
of dynamic modulus results and creep compliance results are about the same for 
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Figure 33 Dynamic Modulus NYb40LH Vs. NY640LR 
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Figure 35 Dynamic Modulus NHeOOLH Vs. NHeOOLR 
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Figure 38 Shift Factor NHe40LH Vs. NHe40LR 
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3.2.6 Fatigue Testing Results 
Analysis based on the Simplified Viscoelastic Continuum Damage (S-VECD) model was 
conducted using the latest version of ALPHA fatigue software (Version 3.0.5) developed by North 
Carolina State University (NCSU). The software used frequency sweep test output files to predict 
relaxation modulus using second-order polynomial shift factors. Then the software used the 
predicted relaxation modulus along with fatigue testing data to produce mixture damage 
characteristic curves (C versus S curves). 
Damage characteristic curves for different mixtures with various RAP contents and binder 
PG-grades are presented in Figure 39 through Figure 43. The curves represent exponential model fit 
of the data from four testing replicates, in most cases. The software then used the damage 
characteristic curves to predict fatigue life curves under both controlled stress and controlled strain 
cases at 25®C and 10 Hz, these curves are shown on log-log scale in Figure 44 through Figure 53 . For 
easier way to compare between different curves, number of cycles until failure at three strain levels 
(50, 300, and 3000 micro-strains) for strain controlled predictions and three stress levels (0.05, 0.3, 
and 3 MPa) for stress controlled predictions are shown in Table 3.11 through Table 3.16. Another 
way to quantify the effect of RAP content in mixtures on fatigue properties, endurance limit 
predictions versus RAP content in mixtures at temperature range from 25°C to -10°C are presented 
in Figure 54 through Figure 58. More comparisons and fatigue output results are shown in Appendix 
D. 
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Trends observed from the fatigue testing are summarized as follows: 
Mixtures with higher RAP content, in most cases, have shallower damage characteristic 
curves. 
Mixtures with stiffer binders, in all cases, have shallower damage characteristic curves. 
For fatigue life curves under both controlled strain and controlled stress, mixtures with 
higher RAP content tend to have shallower slope. 
For fatigue life curves under both controlled strain and controlled stress, mixtures with 
stiffer binder tend to have shallower slope. 
Both damage characteristic curves and fatigue life curves, in most cases, show better fatigue 
performance for higher RAP content using same binder, and better fatigue performance for 
stiffer binder at the same RAP content. 
For all mixtures endurance limit is directly proportional to temperature for range from (5°C 
to 25°C) and inversely proportional to temperature for range from (0°C to -ICC). 
All endurance limit predictions for all temperature range and RAP contents fall in the range 
from 70 to 250 micro-strains. 
Endurance limit increases with the increase of RAP content for all NY - mixtures however a 
steeper increasing slope exists at lower temperatures. 
The best Endurance limit among NH - mixtures predicted at 20% RAP; endurance limit 
increases between 0% and 20% RAP and decreases between 20% and 30% RAP then finally 
increases again from 30% to 40% RAP. 
For VT - mixtures PG 68-28 endurance limit is constant at low temperature and 
insignificantly decreases at higher temperature up to 20°C as RAP content increases. 
For VT - mixtures PG 52-34 endurance limit has minor changes between 0% RAP and 20% 
RAP at all temperatures then it starts to gradually increase between 20% RAP and 30% RAP 
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then between 30% and 40% RAP endurance limit increases at low temperatures and 
decreases at higher temperatures. 
• Based on endurance limit mixtures seems to be best performing for different mixtures at 
different RAP contents, 40% for NY - mixtures, 40% to 30 % for VT PG 52-34, 20% for NH -
mixtures, and finally 0 % RAP at VT - mixtures PG 64-28. 
• Lower endurance limit for all mixtures in all cases falls between 0"C and 5°C 
• In all cases the higher the temperature, the larger the difference in endurance limit between 
mixtures. 
• It is very important to note that fatigue life is not only dependent on mixture properties but 
also dependent on the pavement structure. So any trends based on mixture properties only 
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Figure 40 Damage Characteristic Curves - NY Mixtures PG 58-28 
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Figure 41 Damage Characteristic Curves - NH Mixtures (e: PG 64-28) 
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Figure 45 Controlled Strain Pavement Life Prediction - NY Mixtures PG 58-28 
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Table 3.11 Controlled Strain Pavement Life Prediction - NY Mixture-; 
Strain Level Number of Cycles Until Failure (Nf) 
NYdOOLH NYd20LH NYd30LH NYd40LH NYb30LH NYb40LH 
Low 9.26E+12 2.75E+13 7.91E+13 2.42E+14 4.91E+13 2.27E+14 
.50 he (6) (5) (3) (1) (4) (2) 
Medium 3.17E+07 1.03E+08 2.79E+08 3.41E+08 2.76E+08 3.19E+08 
300 ii£ (6) (5) (3) (1) (4) (2) 
High 3.00E+00 1.00E+01 2.70E+01 1.00E+01 5.00E+01 1.00E+01 
3000 me (6) (3) (2) (3) (1) (3) 
Ranks hear show that NYdOOLH has the worst performance. However, the best performing 
mixture is changing according to the applied strain level. These results show that mixtures will have 
different performance in different structure, and that fatigue performance is not only dependent on 
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Figure 47 Controlled Stress Pavement Life Prediction - NY Mixtures PG 58-28 
Table 3.12 Controlled Stress Pavement Life Prediction - NY Mixtures 
Stress Level Number of Cycles Until Failure (Nf) 
NYdOOLH NYd20LH NYd30LH NYd40LH NYb30LH NYb40LH 
Low 3.74E+14 4.65E+14 6.38E+14 1.01E+16 5.20E+13 1.01E+16 
0.05 MPa (5) (4) (3) (1) (6) (1) 
Medium 1.28E+09 1.74E+09 2.25E+09 1.41E+10 2.93E+08 1.41E+10 
0.3 MPa (5) (4) (3) (1) (6) (1) 
High 4.36E+02 1.85E+02 2.22E+02 4.26E+02 5.30E+01 4.26E+02 
3 MPa (1) (5) (4) (2) (6) (2) 
For controlled stress, NYb30LH has the worst behavior, but the best performing mixtures are 
changing depending on the level of applied stress. This observation is proving again that mixture 
fatigue performance is dependent on pavement structure which appears here in terms of applied 
stress level. 
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Figure 48 Controlled Strain Pavement Life Prediction - NH Mixtures (e: PG 64-28) 
Table 3.13 Controlled Strain Pavement Life Prediction - NH Mixture? 
Strain Level Number of Cycles Until Failure (Nf) 
NYdOOLH NYd20LH NYd30LH NYd40LH 
Low 1.20E+13 1.22E+14 1.86E+13 9.76E+13 
50 (is (4) (1) (3) (2) 
Medium 1.46E+08 7.37E+08 8.53E+07 3.61E+08 
300 (IE (3) (1) (4) (2) 
High 7.10E+01 1.44E+02 1.20E+01 3.80E+01 
3000 (IE (2) (1) (4) (3) 
NYd20LH is the best performing mixture in terms of fatigue. However, ranking is still 
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Figure 49 Controlled Stress Pavement Life Prediction - NH Mixtures (e: PG 64-28) 
Table 3.14 Controlled Stress Pavement Life Prediction - NH Mixtures 
Stress Level Number of Cycles Until Failure (Nf) 
NYdOOLH NYd20LH NYd30LH NYd40LH 
Low 3.74E+14 4.65E+14 6.38E+14 1.01E+16 
0.05 MPa (4) (3) (2) (1) 
Medium 1.28E+09 1.74E+09 2.25E+09 1.41E+10 
0.3 MPa (4) (3) (2) (1) 
High 4.36E+02 1.85E+02 2.22E+02 4.26E+02 
3 MPa (1) (4) (3) (2) 
Mixture NYdOOLH performed the worst at lower stress levels and performs the best at high 
stress level. This observation means that mixture fatigue performance is dependent on pavement 
structure, and that for a given project effort is required to make sure that the designed mixture used 
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Figure 50 Controlled Strain Pavement Life Prediction - VT Mixtures PG 64-28 
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Figure 51 Controlled Strain Pavement Life Prediction - VT Mixtures PG 52-34 
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Table 3.15 Controlled Strain Pavement Life Prediction - VT Mixtures 
Strain 
Level 
Number of Cycles Until Failure (Nf) 
VTeOOLH VTe20LH VTe30LH VTe40LH VTaOOLH VTa20LH VTa30LH VTa40LH 
Low 2.80E+14 1.19E+14 6.09E+13 7.76E+13 2.97E+14 3.73E+14 6.14E+14 6.42E+13 
50 \i£ (4) (5) (8) (6) (3) (2) (1) (7) 
Medium 1.31E+09 7.47E+08 3.86E+08 4.23E+08 7.65E+08 5.67E+08 1.09E+09 1.77E+08 
300 me (1) (4) (7) (6) (3) (5) (2) (8) 
High 1.85E+02 1.53E+02 8.00E+01 7.20E+01 5.00E+01 1.90E+01 4.50E+01 1.30E+01 
3000 |ie (1) (2) (3) (4) (5) (7) (6) (8) 
VTa40LH has poor fatigue performance at all strain levels, but the rest of mixtures are 
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Figure 53 Controlled Stress Pavement Life Prediction - VT Mixtures PG 52-34 
Table 3.16 Controlled Stress Pavement Life Prediction - VT Mixtures 
Stress 
Level 
Number of Cycles Until Failure (Nf) 
VTeOOLH VTe20LH VTe30LH VTe40LH VTaOOLH VTa20LH VTa30LH VTa40LH 
Low 1.22E+13 9.93E+12 1.33E+13 1.03E+13 6.39E+11 5.66E+12 9.48E+12 7.30E+12 
0.05 MPa (2) (4) (1) (3) (7) (8) (5) (6) 
Medium 5.70E+07 6.21E+07 8.43E+07 5.61E+07 1.64E+06 8.62E+06 1.69E+07 2.01E+07 
0.3 MPa (3) (2) (1) (4) (8) (7) (6) (5) 
High 8.00E+00 1.20E+01 1.70E+01 9.00E+00 n/a n/a n/a 1.00E+00 
3 MPa (4) (2) (1) (3) 
- - -
(5) 
VTe30LH has the best performance under all stress levels, also it is clear hear that all 
mixtures including stiffer binder performs better than mixtures including softer one, under all 










Figure 54 Endurance Limits Vs. RAP Content - NY Mixtures PG 64-22 
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Figure 55 Endurance Limits Vs. RAP Content - NY Mixtures PG 58-28 
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Figure 58 Endurance Limits Vs. RAP Content - NY Mixtures PG 52-34 
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3.2.7 Modified l.ottman Test Results 
The average strength values of the unconditioned set tested at 25°C and Tensile Strength 
Ratio (TSR) of different mixtures with various RAP contents and binder PG-grades are shown in 
Figure 59 through Figure 64 with error bars representing the maximum and minimum values of 
strength. Values are based on 3 replicates for unconditioned set and 3 other replicates for the 
conditioned one, in most cases. Hamburg Wheel Tracking Device (HWTD) test was performed at 
UMass - Dartmouth, and a comparison between results is presented below. Also a ranking 
comparison is held between low temperature strength at -10°C conducted on creep compliance 
specimens and the strength at 25°C of the unconditioned set, this comparison is shown in Table 3.17 
Findings can be summarized as follows: 
• NH - Mixtures performed the best among all tested mixtures in this study, all mixtures have 
TSR between (0.95 and 1.05) and in HWTD test they all passed the 20,000 cycles. 
• In general all mixtures have a TSR value greater than 0.7 and fourteen out of the eighteen 
mixtures have a TSR value greater than 0.8. 
• Comparing TSR and HWTD results, VT- mixtures have low strength. However, they still have 
reasonable TSR values (TSR between 0.71 and 1.06). On the other side, by looking at the 
HWTD results they performed very poor, this poor performance might be because of its 
lower strength not because of its lower resistance to moisture damage, and this lower 
strength was expected because of its smaller NMSA and higher asphalt binder content. 
Therefore, TSR test in some cases may be a better way to evaluate mixture resistance to 
moisture induced damage. Also, in case that one mixture has specimens with lower air voids 
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than the target air void, for instance as in NHe40LH( TSR value is not affected as long as the 
difference between the conditioned and unconditioned sets are kept at a minimum. 
• Ranking comparison between low temperature strength of creep compliance test specimens 
and strength of unconditioned set of modified Lottman test, showed good correlation 
between both sets with minor differences, especially for VT mixtures. 
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Figure 62 Tensile Strength Ratio - NH Mixtures (e; PG 64-28) 
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Figure 64 Tensile Strength Ratio - VT Mixtures (a: PG 52-34) (e: PG 64-28) 
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Table 3.17 Strength Test Results of TSR Unconditioned Set and Low Temperature Strength Test 
Results Ranking Comparison 
Mixture 
Ranking Strength Test Results 
for TSR Unconditioned Set at 
25°C and 7% Air Void content 
Ranking Low Temperature 
Strength Test Results at -10°C 
and 6% Air Void Content 
NYdOO 4 5 
NYd20 3 6 
NYd30 6 3 
NYd40 1 2 
NYb30 5 4 
NYb40 2 1 
NHeOO 4 4 
NHe20 2 1 
NHe30 1 3 
NHe40 3 2 
VTeOO 4 4 
VTe20 3 2 
VTe30 1 1 
VTe40 2 3 
VTaOO 8 8 
VTa20 7 7 
VTa30 6 6 
VTa40 5 5 
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Table 3.18 Hamburg Wheel Tracking Device (HWTD) Test 
Hamburg Stripping 
Inflection Point (SIP) 
at 50 °C 
Rut Depth 
at 10,000 Cycles 
(mm) 
Rut Depth 
at 20,000 Cycles 
(mm) 
NYdOOLM 7200 6.62 n/a 
NYd20LM 20000 1.93 3.17 
NYd30LM 13370 2.67 8.97 
NYd40LM 20000 1.55 2.13 
NYb30LM 17400 2.63 6.18 
NYb40LM 20000 2.12 3.37 
NHeOOLM 20000 2.15 3.61 
NHe20LM 20000 1.70 2.21 
NHe30LM 20000 0.49 0.61 
NHe40LM 20000 0.93 1.30 
VTeOOLM 1350 n/a n/a 
VTe20LM 2100 n/a n/a 
VTe30LM 2650 n/a n/a 
VTe40LM 2900 n/a n/a 
VTaOOLM 850 n/a n/a 
VTa20LM 1600 n/a n/a 
VTa30LM 2050 n/a n/a 
VTa40LM 1450 n/a n/a 
Mixtures passed 20,000 cycles have no stripping inflection point, and test terminated prior 










Figure 65 Hamburg Wheel Tracking Device (HWTD) Test Results - NY Mixtures 
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Figure 66 Hamburg Wheel Tracking Device (HWTD) Test Results - NH Mixtures 
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Figure 67 Hamburg Wheel Tracking Device (HWTD) Test Results - VT Mixtures 
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Figure 70 Tensile Strength Ratio Vs. Hamburg Wheel Tracking Device (HWTD) Test Results 
VT Mixtures 
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3.3 Binder and Mixture Testing Results Comparison 
Pavement resistance to low temperature cracking can be evaluated by different methods. 
Some methods are based on mixture testing and other methods are based on binder testing. Six 
different values describing the resistance to low temperature cracking are compared in this study. 
Two of them are based on mixture testing and the other four are dependent on binder testing. 
TCMODEL critical cracking temperature is based on mixture creep compliance testing and low 
temperature mixture strength test, this testing and analysis was done by the University of New 
Hampshire. Another critical cracking temperature was based on Thermal Stress Restrained Specimen 
Tensile Strength (TSRST) test conducted at University of Massachusetts at Dartmouth following 
AASHTO standard method for "Thermal Stress Restrained Specimen Tensile Strength" (AASHTO, 
TP10-93). Binder extraction and recover were done by Pike Industries, Inc. Low temperature 
continuous PG-grade including critical cracking temperature evaluation were conducted at Rutgers 
University, and finally, Asphalt Binder Cracking Device (ABCD) test was performed on both as 
recovered binder and Pressure Aging Vessel (PAV) aged. All these values are presented and ranked 
in Table 3.19. Further comparisons are presented in Figure 71 through Figure 91 
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Taking in consideration some important remarks: 
Binder Testing are based on extracted and recovered binders, where full 
blending/interaction between virgin binder and RAP binder. 
Different methods assumed different cooling rates and different initial temperatures. For 
instance, TCMODEL was based on 5.556 ®C/hour and an initial temperature of 10°C. 
However, TSRST test was based on 10±1 °C/hour and an initial temperature of 5±1 °C. 
Cooling rate and initial starting temperature will affect development of thermal stresses. 
Thus, fast rate and low starting temperature lead to higher stresses because material cannot 
relax as quickly. 
TCMODEL prediction is based on field/laboratory empirical correction factor which 
decreases the measure strength in laboratory to 63% of the actual measure value in 
laboratory. 
TCMODEL prediction for NYb30LH and NYb40LH, has a poor convergence in the model, this 
could be a reason for its warmer predicted cracking temperature. 
Extracted and recovered binders may have a residual amount of the solvent used in 
extraction process, which may lead to softer behavior. However, PAV aged binders are 
assumed to be free of any solvent residual, so it may be better representation of the actual 
binder behavior in the mixture. 
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Trends observed from the comparisons are summarized as follows: 
In most cases using softer binder help to improve resistance to low temperature cracking 
(colder cracking temperature). This observation may be used as an indication that virgin 
binder and RAP binder may have some kind of interaction with each other. 
In general, mixtures and binders extracted from mixtures of higher RAP content tend to 
have less resistance to low temperature cracking (warmer cracking temperature). 
Overall, critical cracking temperature based on mixture testing are usually warmer than that 
based on binder testing. 
Best correlation between mixture and binder results are between TSRST test results and 
either binder critical cracking temperature or low continuous PG grade. 
Best correlation between different binder based critical low temperature results are 
between low continuous binder PG grade and critical cracking temperature. 
PAV aged results show more reasonable results that as recovered, and has more correlation 
with other testing results. 
Aging of binder may contribute in decreasing low temperature cracking resistance. 
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Table 3.19 Critical Cracking Temperatures Comparisons 
Mixture Cracking 
Temperature 
Binder Cracking Temperature 













°C Rank °C Rank °C Rank °C Rank °C Rank °C Rank 
NYdOO -10 2 n/a n/a -25.5 3 -26.7 3 -33.8 3 -31.7 3 
NYd20 -11 1 -20.4 3 -22 6 -25.9 4 -32.5 4 -31.4 4 
NYd30 -9 4 -19.78 4 -24 5 -22.9 5 -32.3 5 -30.4 5 
NYd40 -10 2 -17.88 5 -24.3 4 -18.3 6 -32.1 6 -30.3 6 
NYb30 -7 5 -23.32 1 -30.3 1 -28.2 2 -36.2 2 -32.9 2 
NYb40 -7 5 -21.49 2 -30.2 2 -29.3 1 -37.3 1 -33.9 1 
NHeOO -17 1 -22.88 2 -28 4 -31.1 1 -35.7 2 -34.1 2 
NHe20 -15 2 -23.63 1 -28.3 3 -30 2 -34.6 3 -34.2 1 
NHe30 -14 3 -22.52 3 -29.6 1 -29.8 3 -33.2 4 -32.1 3 
NHe40 -14 3 -20.64 4 -28.5 2 -29 4 -36.2 1 -30.9 4 
VTeOO -16 5 -24.82 6 -28.4 7 -28.7 7 -39.2 5 -35 5 
VTe20 -13 7 -25.02 5 -29.1 5 -30.3 4 -37.1 7 -32.8 8 
VTe30 -19 1 -24.77 7 -28.2 8 -28.5 8 -36.4 8 -34.7 6 
VTe40 -12 8 -23.99 8 -28.5 6 -29 6 -38 6 -33.7 7 
VTaOO -17 4 -29.47 2 -34.5 3 -30.1 5 -44.2 1 -40.5 1 
VTa20 -18 2 -30.66 1 -35.3 1 -31.4 3 -41.8 2 -39.3 2 
VTa30 -18 2 -28.64 3 -34.7 2 -32 2 -41.5 4 -38.6 3 
VTa40 -14 6 -28.21 4 -31.7 4 -32.8 1 -41.7 3 -38 4 
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Results presented in Table 3.19 show that ranking is not consistent for the same set of 
mixtures, but it changes due to testing method. For instance, NYd20 has better performance 
according to TCMODEL and the worst in terms of binder critical cracking temperature. The observed 
differences in ranking with changing testing methods are expected, as some of these methods are 
based on testing asphalt binder only and some are based on testing the mixture. Ranking also 
changes between different methods that assumes different values for initial cooling temperature 
and rate of cooling. For ABCD testing results, although both are binder testing and following the 
same procedure and analysis method, ranking of mixtures has some changes between testing as 
recovered binder and PAV aged binder, which means that aging only can change the ranking. 
Therefore, it is important to consider test and analysis method when evaluating relative 
performance of mixtures. 
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Figure 71 Mixture Critical Cracking Temperature from TCMODEL Vs. TSRST Test 
NY Mixtures (b: PG 58-28) (d: PG 64-22) 
No results available for TSRST for mixture NYdOO. NYbBO and NYb40 have poor convergence 
in the prediction model used to calculate the critical cracking temperature for the mixture. By 
looking at TSRST results mixtures with higher RAP content have warmer cracking temperature. 
However, this trend is not as clear in TCMODEL results. 
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Figure 72 Mixture Critical Cracking Temperature from TCMODEL Vs. TSRST Test 
NH Mixtures (e: PG 64-28) 
By studying both TSRST and TCMODEL results, mixtures with high RAP content have warmer 
cracking temperatures except for NHeOO for TSRST results. 










Figure 73 Mixture Critical Cracking Temperature from TCMODEL Vs. TSRST Test 
VT Mixtures (a: PG 52-34) (e: PG 64-28) 
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Also for VT mixtures, the general trend is that mixtures with higher RAP content have 
warmer cracking temperatures. Another important observation is that although mixtures with 
higher RAP content have warmer cracking temperatures, using softer binder grade counteract the 
effect of including high RAP content in the mixtures. TSRST results for NY-mixtures showed how 
using softer binder grade counteracts the effect of high RAP content. Again TCMODEL results for NY-
mixtures do not show the same trend as mixtures with softer binder grade have problems with 
model convergence as described before. Both TSRST and TCMODEL results for VT-mixtures showed 
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Figure 74 Binder Critical Cracking Temperature, Low Continuous PG-grade, ABCD Cracking 
Temperature (as recovered), and ABCD Cracking Temperature (PAV aged) Comparisons 
NY Mixtures (b: PG 58-28) (d: PG 64-22) 
Low continuous PG-grade results show a clear trend that matched mixture testing 
observations that binder extracted and recovered from mixture with higher RAP content have 
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Figure 75 Binder Critical Cracking Temperature, Low Continuous PG-grade, ABCD Cracking 
Temperature (as recovered), and ABCD Cracking Temperature (PAV aged) Comparisons 
NH Mixtures (e: PG 64-28) 
For NH mixtures, mixtures with high RAP content have warmer cracking temperatures. Low 
continuous PG-grade results show the clearest trend for this set of mixtures, as well. 
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Figure 76 Binder Critical Cracking Temperature, Low Continuous PG-grade, ABCD Cracking 
Temperature (as recovered), and ABCD Cracking Temperature (PAV aged) Comparisons 
VT Mixtures (a: PG 52-34) (e: PG 64-28) 
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For all binder testing results it is clear that ABCD testing results on as recovered binder show 
the coolest cracking temperatures compared to other methods. The reason behind that might be 
because of the residual traces of extraction solvent in the tested binder that will lead to softer 
performance and cooler cracking temperatures. 
Another way to show comparisons between different testing and analysis methods are by 
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Figure 77 TSRST Mixture Cracking Temperature Vs. TCMODEL Mixture Cracking Temperature 
Comparing TSRST results with TCMODEL results showed that TSRST showed cooler cracking 
temperature compared to TCMODEL, this might be because of the difference in some assumptions 
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Figure 78 Binder Critical Cracking Temperature Vs. TCMODEL Mixture Critical Cracking Temperature 
Binder critical cracking temperature showed cooler cracking temperatures than TCMODEL 
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Figure 79 Low Continuous Binder PG-grade Vs. TCMODEL Mixture Critical Cracking Temperature 
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Low continuous binder PG-grade showed cooler cracking temperature than TCMODEL 
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Figure 80 ABCD Binder Cracking Temperature (as recovered) Vs. TCMODEL Mixture Critical Cracking 
Temperature 
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Figure 81 ABCD Binder Cracking Temperature (PAV aged) Vs. TCMODEL Mixture Critical Cracking 
Temperature 
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ABCD binder cracking temperature on as recovered binders and PAV aged binders showed 
cooler cracking temperature than TCMODEL mixture critical cracking temperatures. 
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Figure 85 ABCD Binder Cracking Temperature (PAV aged) Vs. TSRST Mixture Critical Cracking 
Temperature 
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Comparing low temperature testing results showed that testing and analysis methods based 
on binder testing showed cooler critical cracking temperatures than methods based on mixture 
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Figure 86 Low Continuous Binder PG-grade Vs. Binder Critical Cracking Temperature 
Results showed good correlation between low continuous binder PG-grade and binder 

































Figure 87 ABCD Binder Cracking Temperature (as recovered) Vs. Binder Critical Cracking 
Temperature 
ABCD binder cracking temperature (as recovered) showed cooler critical cracking 
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Figure 88 ABCD Binder Cracking Temperature (PAV aged) Vs. Binder Critical Cracking Temperature 
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ABCD binder cracking temperature (PAV aged) showed cooler critical cracking temperature 
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Figure 90 ABCD Binder Cracking Temperature (PAV aged) Vs. Low Continuous Binder PG-grade 
In general, ABCD binder cracking temperature either on (as recovered) or (PAV aged) 
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Figure 91 ABCD Binder Cracking Temperature (as recovered) Vs. ABCD Binder Cracking Temperature 
(PAV aged) 
ABCD binder cracking temperature results showed that PAV aging leads to warmer cracking 
temperature, as aging of binder leads to stiffer behavior and less resistance to cracking. 
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Chapter 4 : Summary, Conclusions, and Future Research 
4.1 Summary and Conclusions 
In this study, the effects of the RAP content and binder PG-grade on HMA mixture 
performance were evaluated. Eighteen plant produced mixtures with 0%, 20%, 30%, and 40% RAP 
contents with four binders produced in three different facilities in different states. Performance was 
evaluated to study the effect of these factors on mixture resistance to low temperature cracking, 
fatigue cracking, and moisture induced damage. The creep compliance was measured for each 
mixture at low temperatures (0, -10, and -20 °C) and master curves were constructed and compared 
with each other. Creep compliance master curves were used along with low temperature strength 
results at (-10°C) as inputs for TCMODEL to predict the low temperature cracking properties of each 
mixture using LTSTRESS spread sheet developed by D. Christensen. Low temperature cracking 
predicted based on TCMODEL was then compared with TSRST testing results on the same mixtures 
performed by UMass - Dartmouth, as well as binder low temperature properties quantified as 
binder critical cracking temperature and low temperature continuous PG-grade performed by 
Rutgers University, ABCD cracking temperature for both as recovered binder and PAV - aged binder 
conducted at UMASS - Dartmouth. Based on testing results and analysis performed in this study, the 
following points can be concluded: 
• Including higher RAP content in HMA may decrease mixture compliance and increase 
dynamic and relaxation moduli. 
• Using stiffer binder grade may relatively decrease mixture compliance and increase dynamic 
and relaxation moduli. 
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• Silo storage time, discharge temperatures, and other production details can affect HMA 
mixture stiffness and crack resistance. 
• Including Higher RAP contents in HMA mixtures generally leads to relatively warmer 
cracking temperatures. However, using softer binder grades may counteract this effect. 
In addition to the study of the low temperature performance, creep compliance calculated 
from AASHTO (AASHTO, T322-03) equation was compared with linear viscoelastic solution 
introduced by (Kim, Daniel, & Wen, 2000), also relaxation modulus for each mixture was predicted 
from measured creep compliance and then dynamic modulus of each mixture was predicted from 
relaxation modulus and compared with uniaxial measured data from Rutgers university. Results 
showed that both AAHTO T322 equation and the linear viscoelastic solution generally lead to 
comparable results. However, AASHTO equation leads to lower compliance. Also, results showed 
good overlap, in most cases, between predicted dynamic modulus from creep compliance IDT 
testing data and dynamic modulus measured from uniaxial testing at Rutgers University. 
Fatigue performance of the mixtures evaluated as part of this study. Fatigue testing 
conducted following a proposed standard method developed at North Carolina State University. S-
VECD analysis done using ALPHA Fatigue software developed at North Carolina State University. 
Based on the results, damage characteristic curves and fatigue life curves, in most cases, show 
better fatigue performance for higher RAP content using same binder, and better fatigue 
performance for stiffer binder at the same RAP content. 
Finally, Moisture induced damage for mixtures evaluated using modified Lottman test 
following AASHTO T283 standard method. Results showed that all mixtures have TSR values greater 
than 0.7. 
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The overall conclusion of this study is that including high RAP contents up to 40% in HMA 
mixtures may decrease mixture resistance to low temperature cracking. However, using softer grade 
for virgin binder may counteract this effect. Based on results, no evidence was found to prove that 
mixtures with high RAP contents may have less resistance to fatigue cracking or moisture induced 
damage. Dependent on pavement structure, in some cases mixtures with high RAP content may 
have better fatigue performance. 
It is important to take in consideration the following: 
• Many observed differences in relative behavior, while comparing different mixtures, were 
not statistically significant with the number of replicates used in this study. 
• Laboratory reheating leads to excess aging for HMA and stiffer performance during testing. 
• Fatigue life is not only dependent on mixture properties but also dependent on the 
pavement structure. So many observed relative behavior based on mixture properties only 
may or may not meet the actual field performance. 
• This study was based on limited amount of replicates using local materials from three states 
(NY, NH, and VT). Therefore, testing local materials from different states may or may not 
lead to same observations. 
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4.2 Future Research 
Based on this study and all other work done as part of the pooled fund project, silo storage 
time, discharge temperature, and other production details can significantly affect HMA mixture 
mechanical properties as mixture stiffness and cracking resistance. That is why phase two of this 
project will study the effect of silo storage time by testing mixtures with 0% RAP and 25% RAP with 5 
different levels of storage time 0, 2.5, 5, 7.5, and 10 hours. During the production of phase two 
materials accurate records for discharge temperatures and other production information were 
collected. 
This study was based on testing laboratory prepared specimens. Although laboratory 
prepared specimens were fabricated from plant produced mixtures to be representing to the actual 
material used in the construction in the field, it is important to verify the founding of this study by 
testing specimens cored from actual pavement in the field. 
In parallel with the silo storage time effect study and the field cores study, a Nano-scale 
study started to identify further details about the degree of interaction or "blending" that may take 
place between virgin and RAP binders and what factors may have an effect on this interaction. 
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Appendices 
Appendix A - Reported Production Information 
Date 7/30/2010 7/30/2010 
Mb u ». U.I < W, «Mk M-U 1 I I i 450* f 450* f 
Compaction Temp 290* F 275* f 
Dfectwrie 330* F 330* F 
Aai Att2 A«3 AffS RAP AC 
IMF Mm. Serfs Clean Man Vp VIA •1 •1 Friction TwayMtMnts 64-22/se-2a 
Btmd Parccntace* 0 IS IS 12 11.7 13.98 3C 5 2 
Gib 2614 266 2.66 2 749 2.749 2 702 272 1034 
IMFTaraets 12.5 9.5 •4 M #16 *30 •SO *100 •200 POO 
99 $9 SJ JJ 20 JJ * 5 3.1 12 
12 5 <*0.64-22 97 6 887 S3 30.9 19 3 14.3 101 61 43 S2«% 
12 5 < 40. S8-28 98.1 99 3 S3.7 32 17.9 12.5 8.5 SI 3.2 S.09% 
KAP Gradation 96.2 93.2 65 8 46.6 32.3 222 12.7 7.1 4.5 4.9QH 
Voiumetrks Gmm Gmb Va VMA VFS Mia Motfturc 
12.5 < 40.64-22 2546 2507 151 12 53 879 D-2 
12 5 <40, 58-28 254 2 502 148 12.7 88 36 0.1 
Figure 92 NY Mixtures Production Information (1) 
Data 9/7/1010 9/7/2010 
Mb Ui<N,Mk)KI 
Mb) Temp Mrain a^al 410* 410* 
Compaction Tamp 29C*F 275'F 
Dtecharie 305* F 305* F 
Atfl Ad2 «aa Af(4 *15 4«6 RAP AC 
JMF Natural Sand l^n Sags Clean Man W VIA •1 *1 Frtctton Tway MilUifj 64-22/58-28 
Mend Percentaces 0 7 13 8 24 6 118 12.8 30 5.2 
Gtb 2614 266 266 2 749 2 749 2 7C2 2 72 1 034 
JMFTafnto 12.S ».S •4 n tl6 •30 •50 •100 •200 PGS 
99 89 53 i$ 20 13 J 5 3.1 5.2 
12 5 < 30. 64-22 95 85.8 54.4 302 12.7 165 11.6 7.8 6 5 19% 
12.5 <*, 58-28 97.5 91.2 595 33 3 2L2 14 7 97 5.8 53 5 37% 
RAP Gradation | 96.8 I 919 J 64 3 f 46 ! S2J | 23 6 | 14 | 76 [ 47 j 491% 
Vobmrtrin Grim Gmb Va VMA VF8 Mb Motctur* 
12.5 < 30.64-22 2.543 2 494 193 12.96 85.08 01 
12 5 < 30. 58-28 2 599 2473 258 13 7 81 12 02 
Figure 93 NY Mixtures Production Information (2) 
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Oat* 8/19/ano 
Mia U»<M. IMM-I: 
Mk Temp Mrtfn act) «i<r 
Compaction Tamp 29C?r 
DbriMrit 320* P 
A«i *tt2 *a* AOS RAP AC 
IMF iVttunri&and Man 5crp Clean Wan Sfs *1A >1 •1 *r<tton Tway MflUnfi 64-22/58-28 
•tend Ptrccnlifn 5.2 74 13 9 24.6 10 159 20 
G* 2 614 266 2 M 2 749 2 749 2 702 2 72 ; o>4 
IMF T*rt*H 12.5 ».S M M *16 *S0 •100 •M0 Mat 
M t9 SJ il 20 i s S.t U 
12 .5 < 30.201% 64-22 991 90S 59 90 9 188 118 SB 87 ss S)5S 
(UP Gradation 978 924 619 SSI 27$ 13 9 39 495% 




12 5 < 4C. 84-22 2 528 2456 284 1409 79 86 006 
Figure 94 NY Mixtures Production Information (3) 
Otto 9/1/2010 
Mb ui' tO.M-12 
MkTamp(vir#naa) 375 »F 
ConpMtiMTmv 290* F 
0H<harf* 310* F 
A«H Att2 A«3 AO* AtfS AM6 RAP AC 
IMF Natural Sancf MVI. SCTft Clean Man Srgs •1A CI •1 Frfrtwn Tway MilHftf* 6*22/58-28 
Mtwd Nff nt>ti 0 7 JJ 24 6 1LB 12.8 30 3.2 
Gib 2 614 266 266 2 7«9 2.7*9 2.702 2 72 1034 
IMF Tarnta 12.5 9.5 •4 M »16 *30 M0 «00 *200 W» 
99 m 55 17 22 15 9 JL3 5.2 
12 5 <30.20* 64-22 998 906 88 3 423 26.8 189 13 2 52 98 *99% 
Votwrnetrk* Onvn Qmfc Va VMA VfB Mix Mokture 
12 5 <4C, 64-22 2.53 248 197 1264 89.32 004 
Figure 95 NY Mixtures Production Information (4) 
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Callanan Industries Inc. 
IMS KM0I Rfl. ScNmKMMl-/ M 12>33 «"• 3"J-222- ' E'8« 3~:-X4M 
Locator): King Road Materials Tim* C:3Cam 
Material: ?2.5mrr < 30 40* rap Date 7,,33,'23,0 
Sarrple# ' Sample Type Stockpile 
Tested By: cvp Washed Gradation 
Note: bum hrna wasned gradation SS-28 
Sieve 
Size Weiqht %Ret %Pass Tarqet Limits 
1/2" 57.1 1.88 98.1 99.0 94-100 
3/8" 267.4 8.83 89.3 69.0 84-94 
1/4" 666.7 22.00 67.3 
#4 411.6 13.58 53.7 530 48-58 
1/8" 429.9 14.19 39.5 
#8 226.4 7.47 32.0 330 28-38 
#16 428.7 14.15 17.9 200 15-25 
#20 92.1 3.04 14.9 
#30 70.9 2.34 12.5 13.0 8-18 
#40 64.2 2.12 10.4 
#50 58.8 1.94 8.5 6.0 3-13 
#80 777 2.56 5.9 
#100 23.0 0.76 5.1 5.0 0-10 
#200 76.0 2.51 2.6 3 1 0-8.1 
Pan 632 2.09 
Subtotal 3013.7 Moisture AVERAGE 
lotal JU-JU 3393 9 Mosture 
Weight Before Wash 3149 3391 7 
Weight After Wash 3030 
Asphatt Content Determination LastS 
Weight Before Burn: 3313.5 Stdev Average 
Weight After Bum: 32010 Corrected %MC:| 5.09 
Correction Factor 0.30 
Figure 96 NY Mixtures Production Information (5) 
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Callanan Industries Inc. 
1241 K*s> *d. 3cf«n«ct»tff NY 1I»» «*lir*-22i: ' 'M <St«> 
Location : King RoadMatenais Tim* 8:30am 
Materia': *2 5mrr. < 3D 40% rap Dal* 7,'30.'20*D 
Sampt«# * Sampit Typ« . Stockpto 
By: cvp Wastt*d Gradation 
Note: bum hmo washed gradation 64-22 
Sieve 
Size WeiqM %Ret %Pass Target Limits 
1/2" 85.2 2.45 97.6 990 94-100 
3/8" 307.1 8.83 88.7 890 84-94 
1/4" 770.2 22.13 66.6 
#4 471.5 13.55 53.0 530 48-58 
1/8" 474.2 13.63 39.4 
#8 2951 8.48 30.9 330 28-38 
#16 406.4 11.68 19.3 20.0 15-25 
#20 97.1 2.79 16.5 
#30 74.9 2,15 14.3 130 &-18 
#40 74.1 2.13 12.2 
#50 73.0 2.10 10.1 8.0 3-13 
#80 105.8 3.04 7.0 
#100 32.2 0.93 6.1 50 0-10 
#200 98.2 2.82 3.3 3 1 0-8.1 
Pan 117.1 3.37 
Subtotal 3482.1 Moisture AVERAGE 
total j4/y./ mi l  Mo«um 
Weight Before Wash 3513.8 3731 4 
Weight After Wash Mf9 . f  
Asphalt Content Determination taste 
WtigM Bafore Bum: 37SS2 Stdev Average 
Wright After Bum: 3543.5 Corrected 1M/C:| 32t 
Corraetion Factor 0.30 
Figure 97 NY Mixtures Production Information (6) 
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Plant 33 Moisture 
King Road Materials (518) 382-5354 
Location: King Road Materials 
Sample# 85 Date Sampled: 7.'30'2010 
Tested By: bbarrett Sample Type: Stockpile 
Plant Operator brett 
Weather Conditions: (ess earty air,.2nd 
Tare Weight Wet Weight Dry Weight % Moisture 
Agg 1 Valente Sand 0.0 487.9 460.3 6.0% Agg 1 
Agg 2 P-Vitle Screenings 0.0 550.0 529.2 3.9% Agg 2 
Agg 3 P-Vilie Clean B's 0.0 873.3 856.0 2.0% Agg 3 
Agg 4 P-Ville 1A's 0.0 968.7 961.3 0.8% Agg 4 
Agg 5 P-ViHe 1's 0.0 1009.9 995.5 1.4% Agg 5 
Agg 6 P-ViBe 2's 0.0 1.0 1.0 0.0% AGG 6 
Agg 6 Cropseyvtle 1A's 0.0 1.0 1.0 0.0% Agg 8 
Agg 7 Cropseyvilie 1's 0.0 1023.7 1005.7 1.8% Agg 6 
Agg 7 overflow 0.0 1.0 1.0 0.0% Agg 7 
Agg 7 P-Vi*e 3's 0.0 1.0 1.0 0.0% Agg 7 
Agg 8 ravena d screenings 0.0 1.0 1.0 0.0% Agg 6 
Agg 8 King Sand 0.0 1.0 1.0 0.0% Agg 6 
RAP 1 DOT Millings 0.0 1.0 1.0 0.0% Mf> 1 
RAP 2 Fine RAP 0.0 1.0 1.0 0.0% RAP 2 
Mix Type: 
Actual Composite Moisture: 
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HO 1A 2.74# '8 t 1M 3 2) 
WNSC* :« a 42M 
:.ea* sc1 :ee •00 42M 
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Figure 99 NY Mixtures Production Information (8) 
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NEW TORS STATE DEPAR7UEXT OF TBANSPOBTATTOS' 
MATERIALS BUREAU 
toots 
KftlQ RQAP MATERIALS 
COLORE 
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15 TtnpC a t e d * f 0 h 1 • m 1 
c.ft «a tMift1#: 'X-ft •XiU' 
A 30C itH ft 29*« 1 440* • 1954.4 •12.4 : £36 98 42 ' !S i24 e :2«o H 78 
B J0C 49C2 ? 2W1 <90! 2 1M45 M2J 2*09 }| !S ' 45 124? isa 88 91 
C 
AVO 2 we :;or 98 49 :a«2 Mas 12 S5 87 M 1 
MftlSpK 6(»4 «H 2."'' |P»- we 
1A ie ComMMBOkSS <Ote'' COTWTMA »roo«f%*« 
A 2Mf 9 2M72 AM But SO (H %Aflg Pi CAA15 fAAPfl e«ro 
Saro 
E9J> D 14T6 1 iUi 
e »M8 3104 3 •w } 
Snn : SA4 IttT H0 2 
A»'fl GTT 2S46 Nc 1 2.74# tt.M 1M 
KOI HC 2.*C2 ICC t !9 
NO 1A 2.T4t 18.12 180 •3 23 
WAN SCR 2H i 42 se 
:.£AH CC< 2 M »o.c: 42 M 
HW0*J 2.eu 42 5 
*AP 2 "2 40 i:o 44 8 0 22 
VMUHwCk Proyrty Dntrtpiam 
G t^ - Vttrmur Cc Or of hwa l/ncw*« 
a - w: cor> unp* n m 
: - w of*** iMtfft mu «m* x 2S c >9> 
e • wtoffiti r«M «« )nu mar ir« umpwx 25 c igi 
Ott - Ar*A«0-C^ 
vma • *00 • i <s^t-* pft'cts; 
Vf9 • *30 * I VWAJ»».VMA] 
Gt3 • Bjtk 5p 5r Tar e» oca iva vnrtun 
QM »8j* Cj Gr fartr» tea 
GWP232* .-s*.Gi: 
»s • Aggitgrt 9) toa M{N of hva tvnjn 
pa • s «o.»r txuhuanaur* 
»! -«. ar nd.v;w* *99. Certpo««M r toa hva tscit* 
Oi-cc G'orrdMduisgg C&TFOfi*'* 11 kxj1 hvatrwurt 
o*. MWWt 
Figure 100 NY Mixtures Production Information (9) 
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Callanan Industries Inc. 
«»iKinjj <u jcNsiectto, NI msj f i • *« 5'8 3-:-u»5 
Location : King Road Materials Time 8:30am 
Material: '2 5mrr < 33 Virgin Date: ft 1 .*20 * 3 
Sarrple # ' Sample Type Stockpie 
Tested By: cvp Washed Gradation 
Note: bum hma washed gradation 64-22 
Sieve 
Size Weight %Ret %Pass Target Limits 
1/2" 8.0 0.24 99.8 
3/8" 298.1 8.92 90.8 
1/4" 426.8 12.78 78.1 
#4 327.2 9.80 68.3 
1/8" 374.7 11.22 57.0 
#8 277.3 8.30 48.7 
#16 454.7 13.61 35.1 
#20 170.9 5.12 30.D 
#30 149.2 4.47 25.5 
#40 143.7 4.30 21.2 
#50 125.9 3.77 17.5 
#80 139.5 4.18 13.3 
#100 31.7 0.95 12.3 
#200 897 2.69 9.7 
Pan 121.5 3.64 
Subtotal 3138.9 Moisture 
lotai 334U.2 3S15 3 Mostui* 
Weight Before Wash 3386 3613 9 
Weight After Waah 3340.2 •4 0.039% 
Asphalt Content Determination La*tS 
Weight Before Bum: 36041 Stdev Average 
Weight After Burn: 34141 Corrected KMC:| *M 
Correction Factor 0.30 
Figure 101 NY Mixtures Production Information (10) 
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Plant 33 Moisture 
King Road Materials (518)382-5354 
Location: King Road Materials 
Sample# 108 Date Sampled: 9' 1 -'2010 
Tested By: cvp Sample Type: Stockpile 
Plant Operator ed 
Weather Conditions: 
Tare Weight Wet Weight Dry Weight % Moisture 
Agg 1 Valente Sand 0,0 663.0 639.9 3.6% Agg i 
Agg 2 P-Ville Screenings 0.0 784.3 763.1 2.8% Agg 2 
Agg 3 P-Ville Clean B's 0,0 423.1 402.9 5.0% Agg 3 
Agg 4 P-Vile 1 A's 0.0 909.6 906.9 0.4% Agg 4 
Agg 5 P-ViBe 1's 0.0 1008.8 1001.4 0.7% Agg 5 
Agg 6 P-ViBe 2's 0.0 1.0 1.0 0.0% AGG 6 
Agg 6 Cropseyvile lA's 0.0 1.0 1.0 0.0% Agg 8 
Agg 7 Cropseyville 1's 0.0 1129.9 1122.4 0.7% Agg 6 
Agg 7 overflow 0.0 1.0 1.0 0.0% Agg 7 












 Agg 8 
Agg 8 King Sand 0.0 1.0 1.0 0.0% Agg 8 
RAP 1 DOT MiHmgs 0.0 1.0 1.0 0.0% MM 
RAP 2 Fine RAP 0.0 1.0 1.0 0.0% RAP 2 
Mix Type: 
Actual Composite Moisture: 
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Callanan Industries Inc. 
K»B1 *«. ItlwIKtMJ. NY lilSJ !1 • Fm 
Location : King Road Materials Time : 
Materia!: '2 5mm < 30 with 33% rap Date £t'7.23'3 
Sample # ' Sample Type : Stockpile 
Tested By: cvp Washed Gradation 
Note: bum hma washed gradation 56-28 
Sieve 
Size Weiqht %Ret %Pass Target Limits 
1/2" 79.7 2.50 97.5 
3/8" 202.2 6.34 91.2 
1/4" 656.7 17.46 73.7 
#4 451.8 14.17 59.5 
1/8" 531.3 16.67 42.9> 
#8 305.4 9.56 33.3 
#16 386.3 12.12 21.2 
#20 115.6 3.63 17.5 
#30 91 3 2.86 14.7 
#40 83.6 2.62 12.0 
#50 74.4 2.33 9.7 
#80 96.7 3.03 6.7 
#100 28.5 0.89 5.8 
#200 79.0 2.48 3.3 
Pan 103.8 3.26 
Subtotal 3186.3 Moisture 
lotal 318/7 3490.1 Mosture 
Weight Before Wa»h 3266.1 34*3 9 
Weight After Wash 318/7 4.2 0.120% 
Asphalt Content Determination Last 6 
Weight Before Burn: 3467.9 Stdev Average 
Weight Alter Bum: 3271.1 Corrected %MC:| 5 37 
Correction Factor. 0.30 
Figure 104 NY Mixtures Production Information (13) 
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Callanan Industries Inc. 
12*1 KHflS *8. Zct**tc*cj Kt 1IJ33 f'l *M iSHIH-MM 
Location : King Road Materials Time 
Material: *2 Snnrr < 30 with 30% rap Oate GtT&D-D 
Sarrpl« # ' Sampk Type Stockpile 
Ttutd By : cvp WmM Gradation 
Note: Dum hma washed gradation 64-22 
Sieve 
Size Weight %Ret %Pass Target Limits 
1/2' 159.3 4 98 95.0 
3/8" 295.6 9.25 85.8 
1/4" 586.5 18.34 67.4 
#4 416.7 13.03 54.4 
1/8" 501.5 15.69 38.7 
#8 272.5 8.52 30.2 
#16 238.2 7.45 22.7 
#20 110.0 3.44 19.3 
#30 89.7 2.81 16.5 
#40 81.2 2.54 13.9 
#50 76.2 2.38 11.6 
#80 95.9 3.00 8.6 
#100 24.6 0.77 7.8 
#200 76.3 2.39 5.4 
Pan 84.8 2.65 
Subtotal 3109.0 Moisture 
lotal 319/.i! 3521 5 Mosturt 
Weight Before Wsth 3293.6 3518 8 
Weight After Wash 3197.2 2.7 0.077% 
Asphalt Content Determination La«S 
Weight Bffon Burn: 3301J Stdev Average 
WMght Altar Bum: 3309 1 Con«>t«lttMC:| SIS 
Cotrtebon Factor. 0 30 
Figure 105 NY Mixtures Production Information (14) 
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aiiau co#) 
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Location COLONS JULU *J0 
sampitpohtt(ronsj 0 Let sublet i /A QCTorQAT OCT AC% » 
ncknMm same w.-ocreo-r tut \ 39 
Dair tMOW 
®N SW^I • rrrKtr* QNi rrjj • M194CI 
W M*KTjn UriW enc#Or S Cnm S A'VMl 5*1p» BwtSpGr S Gtt VUA VflJ 
2»T9* CoT^nor 11 Mr tr *r«r ssc 5»0*4nn MtflWTT STiD hmqk nr Gtc 
13 Ttnpc » 6 a 4 • n 1 ft m n 
c-s ic&a*: 'OC-ft *«•. •WitC'i 
A 3CC 49C3 5 2? 24 1 4W? 1963.S '13.4 2 472 9'M 2 64 t;- • 2 200 H 97 
t 50C 49C5 7 asif 490M 1113 2 475 9? 48 2 82 12? ! 2203 96 7* 
C 
AVG 2SK 2 4 n r 42 2 !B 1 m 9631 136? e- !2 ! 
mjb spocsn* o*H ine |PM| ui 
Sampe 1A 18 Com&nM B4k SSiGar CotMntuk ^reoorjM 




CA ATJ fAArj 
Bopo 
sjp8 
COMC, d utij (493 
E 27*2 « 27«7 3 H0 3 
Gmn 2!X 2 542 >40 2 
A.*9 GTT 2 s39 No 1 2.74® 1- ?«1 1BC 
NOl NC t-tz 12 Ml 1M 1 n 
NO 1A 2.749 24 619 1H 023 
MANCC* 2 M 7 42 96 
IJtMW :M 42 56 
MjtSnd 2.4*4 42S 
iw> 2 72 )0 1C0 *4 c 022 
von—me Profrty Pnwipacw 
Gtt - warmvt IF Or of hva vam 
a • wc&at) unp* <1 m <.g> 
2-w. Df'iu 140 wm ar«i *w * 2! c .9 • 
£ - wt&rm ma »ioa wmr *ra mtsm «2f c tfi 
Ott - A't*»0-Cl 
yva - '00 -|.'g*cx p*i"c«: 
vf 9 •' 00 x i wa-p j .vim; 
Gto • 9 ji Dp Qt fot r* tot* iwa vfcrurt 
Qt£ » Baa so sr iw no :cui ag^optt 
.•Ptvor 
P»-Aggr*9>;« Pt-coruj) lou ••flWafHVAtnflourt 
o» -S «o«Mi-loi*'iMAriiCj» 
p - s or mym* >99. cfln90»««nt •« »» ima t ttart 
<3 - £p Q- * «-«*** *99 Cypor*-S n !o»> HVA mud 
rw*nn<w» idpioii nam 






sompi* Bote? (Tom) 
QCTorQAT 
ncftukioa .vow cwp-m.-wss't* 
XEW YORK STATE DEPAKTMEST OF TSASSPQRTATTOS 
MATERIALS BUREAU 
KUQ ROAPWTERtALS 
Formula \# f—inrtr 
Md»i« tttmrff 
E&U <39 




- nm *« ON re* - A^MW 
:mri4 vo»i*r« VttTtm Sjnste BwtSpGr s "5 <nm N*'Vo*« Sanpw But SffOl S OUT VUA VFB 
sro» tvrwxw in air WWW &S3 SpQ'Snr HMMW •will* Grt 
13 TtnpC a b e 1 • f 0 n 1 1 1 m 
e-9 14 '00 -1* •FLJ <00(K«< 
A x: 4«U7 SN 4904 3 1HT4 MJ.4 149 J WC5 1 95 ta? 1 2224 «"'4« 
ME IMS} I**.? 2 494 MM ».9t 127 3 2 220 •7 3C 
*VQ 294) 2494 99 8? 1 99 2-222 I7M «•* uu 
MttC*4C&*v o«H 2.?'« |H>| ua 
3»r>8>« 1» 1B COfnbhM Butt 30t0*t COf-MMM BvODtfM* 








£M» D 1479 3 1493 
e IMS 4 28824 HO 3 
Gmw 2940 2 M SO 2 
A.B Ol"T 2849 Me t 2.749 V 791 t» 
*91 SC I'M i: 831 1:0 I'M 
NO tA 2.749 24 119 12G 3 23 
VAN sen 3M ? 42 99 
M&H3C :« 1! *99 42 99 
sat eta 2.e«4 439 
JAP 2 72 X ICC 44 G 322 
GT-P - tp a* of fUM VMUTM 
a • wt cr «y impw n ar .9. 
D - Wt Of tMk *:§• «Wh «P«M «MT It 2S C19> 
s - wi 8"«i rua *rt MM »«*r »r« » :J c 191 
own -a1a*wn 
wa • 'x • [gmft x pti-0•] 
VFB - '00* (:W*»»;.VMA| 
G«P9 • 9m 3p<sm* 9* WM •«**. MWM 
o»6 • e«B Se G# iBr ew totil sgyegee 
®*n»iewp*«2* 
p» - afgrtp* PfMfit 9> w» «hn # hva mnn 
pjmat ip taut hua nxturt 
p> - h of nohfims agg. canoep«fit r w» ima «*«/•» 
Cc&9 0^9flr«yMb«agg Cvrpopw nwt»HMA«Mur« 
rrtttu 





Porsmouth NH Plant 722 
Pike Industirs Inc. 
Plant type Drum Air Temp= 
Manufacture Gencor 
Model Ultra Drum 
Year 2008 
MaxTPH 400 
Actual TPH 200 
Temperature of PG 293 
Burner Set point 340 
mix time from time of introduction of binder to discharge 40 seconds 
Discharge Temperature 330 
Storage time in silo 6 hours 
Temperature of mix leaving the plant 330 
Haul time to project 2min. 
Mix laydown temperature 300 
MTV? N/A 
PG Grade COA 
Compaction Temp 
Figure 108 NH Mixtures Production Information (1) 
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PIKE INDUSTRIES, INC. 
Quality Control Division 
Belmont NH 
On* pomt vertittcation o< RAP Mixes 
Superpave Mix Design Properties 






Blows per side 












12 5 Surface Course 50 Gyration 
Oct 18 2010 
Specimen Wat. Grams Specific OravitY GsSol Aoa . Stabilit y - Lbs Flow 
Spec % Spec. In In Vol. Bulk Theoret. Voids % % Unit Wgt. 
No. AC Hot. (in.i Air Water S.S.D (cc) Gmb Gmm Total Mix VMA VFA (pcf) Meas Corr 0.01 in 
42.5x8 5.7 Viroin 4755.3 2718.4 4762.8 2046 4 2.324 GsSof Aoa . 2.581 0 
42 5x8 57 Viroin 4758.1 2719 1 4761.9 2042 8 2.329 0 
425x8 57 Viroin 47583 27209 4762 1 2041 2 2.331 0 
2.328 2.41ft 34 14.9 74.8 145 J 
20-1 5.7 20% RAP 47109 2716.6 4713.2 1996.6 2.359 243 GSBOIAOQ. - 2.602 0 
20-2 57 20% RAP 4710.0 2712.4 4712.3 1999 9 2.355 2.43 0 
20*3 5.7 20% RAP 4713.4 2719.9 4714.8 1994 9 2.363 243 0 
Avg. 2.359 2.43 2.9 14 A 79.9 147.2 
30-1 57 30% RAP 46888 27134 4691.1 19777 2371 2.434 GSBOIAOQ . 2 610 0 
302 57 30% RAP 46850 2709.4 46872 19778 2.369 2434 0 
30-3 5.7 30% RAP 4689 4 27086 4691.7 19831 2365 2434 0 
Avg. 2.368 2.434 2.7 14.4 81.3 147 J 
40-1 57 40% RAP 4668.7 2703.5 4671.1 19676 2373 2.435 GsBofAaa - 2.616 
40-2 5.7 40% RAP 4663.4 26980 4667.0 1969.0 2368 2.435 
40-3 57 40% RAP 4668.2 27065 4671.8 1965 3 2375 2435 
Avg. 2.372 2.439 2.6 14.5 82.1 148.0 
py RHC, 16-96.3.21-96 *S96. -JAW- 4 10 RfViSEO SaVO* By PBC F*rnmr» MARSH 
Page 4 
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S1-10H PMr» totfvffrfes *»© 
0.96 TRB BtQkm 1 
73 Gyration Utfrtslt 
OryGndutfon 
Plant Number: 722 Daao rtpHon: 
12 5mm (V2*) Surtaca 
Courso 50 GYR State: New Hampshire Date: 11/22/2010 Produdton Testno 
Location: Portsmouth. NH Type: E Mam: SP Mix Code: 192 
DeeignType: Superpave Mai Nominal Siza: 0.50 Inch 12.50 mm 
Mv) tu ttm a****. IK* CUB T*ne 01.00.00 
Slave mm WiahMl Sand WMS Dust Fines 9.5 12.5 19 25.0 TOTAL Aim OM ustod Aim 40479 
37.5 (1 1/2") 100 100 100 100 100 100 100.0 100.0 37.5 100.0 
25.0 (1') 100 100 100 100 100 100 100.0 100.0 25.0 100.0 
19.0 (3/4") 100 100 100 100 100 100 100.0 100X1 19.0 100.0 100.0 
12.5 Of?) 100 100 100 100 100 95 98.6 98.8 12.5 96.7 99.1 
9.5 (3/8') 100 100 100 100 99 51 85.8 8SJ 9.5 664) 89.9 
4.75 {#4) 9ft 99 99 100 29 8 58.3 58.3 48 57.5 62 J) 
2.36 (#8) 84 70 78 100 5 3 42.5 42.5 #8 424 42.3 
1.18 {#16) 70 46 57 100 3 2 32.4 32.4 #16 314 31.7 
0.6 (030) 54 31 43 100 3 2 24.7 24.7 #30 MA 24.0 
0.3 (#50) 30 18 31 99 2 2 153 15.5 ISO 14.8 15.5 
0.15 (#100) 8.2 7.8 19.2 95.0 2 72 7.2 #100 e.8 6.9 I o 1.7 3.0 10.7 81.0 1.3 1.0 e e o © e o 3.56 3.6 #200 x« 3.0 
Aff DMiflllilM 4 6 2 2 Total % AC: 5.70 % Pb M 5.9 
Finaa Factor 0.0 | % RAP AC: % Virgin AC: 5.70 
% Aggregate 23.18 14.42 12.88 1.03 20.0 28.5 0.0 100.0 Gmb 2.316 
Sand Ratio 45.0 28JO 25.0 2.0 RAP Cold Faad %: TRB% Gmm 2.405 
Fine Angularity 0.0 Vo«3s 3.7 
AggButtSpQ 2.609 2.580 2.558 2.589 2.569 2.578 2.581 VMA 15.6 
Agg Apparent SpQ 0.000 
VMA | 14 
Total Birder Replacement 0.00 
Binder Reoaicemenl Value 0.0 
Figure 110 NH Mixtures Production Information (3) 
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Date Pike Iridustirs Inc. 
Plant Location Porsmouth NH Plant 722 
Plant type Drum Air Temp= 
Manufacture Gencor 
Model Ultra Drum 
Year 2008 
Max TPH 400 
Actual TPH 200 
Temperature of PG 
Burner Set point 
mix time from time of introduction of binder to discharge 40 seconds 
Discharge Temperature 
Storage time in silo 
Temperature of mix leaving the plant 
Haul time to project 
Mix laydown temperature 
MTV? 
PG Grade COA 
Compaction Temp 
Figure 111 NH Mixtures Production Information (4) 
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PIKE INDUSTRIES, INC. 
Quality Control Division 
Belmont NH 
One point verification ol RAP Mixes 
Superpave Mix Design Properties 






Blows per side 
Pike Job No 
Portsmouth. NH 
OB Chamberlain 








12.5 Surface Course 50 Gyration 
Oct 18,2010 
Specimen Wat. Grams Specific Gravity GsB ol Aoq Stability Lbs Flow 
Spec % Spec. In In Vol. Bulk Theoret Voids % % Uni! Wgt. 
No. AC Hat. (in.) Air Water S.S.D. (cc) Gmb Gmm Total Mix VMA VFA (pel) Meas co it 0.01 in 
42.5x8 5.7 VirQin 4755.3 2716.4 4762.8 2046.4 2.324 GsB of Aaa . 2 581 0 
42.5x8 5.7 Virgin 4758.1 27191 4761 9 2042 8 2329 0 
42.5x8 5.7 Virgin 4758.3 2720.9 4762.1 2041.2 2.331 0 
Atf9- 2.328 2.419 3J 14.9 74.8 145.3 
20-1 5.7 20% RAP 4710.9 2716.6 4713.2 1996.6 2.359 2.43 GsB ol Agg. = 2 602 0 
20-2 5.7 20% RAP 47100 2712.4 47123 19999 2 355 2.43 0 
20-3 5.7 20% RAP 4713.4 27199 4714.8 1994.9 2.363 243 0 
Ava. 2.359 2.43 2.9 14.S 79.9 147.2 
30-1 5.7 30% RAP 46888 2713.4 4691.1 1977.7 2 371 2434 GsB of Aaa > 2 610 0 
30-2 5,7 30% RAP 4685.0 2709.4 4687.2 1977.8 2 369 2434 0 
30-3 57 30% RAP 4689 4 2708.6 4691.7 1983 1 2 365 2.434 0 
AVQ. 2.368 2.434 2.7 14.4 81.3 147.8 
40-1 5 7 40% RAP 4668.7 2703.5 4671.1 1967.6 2373 2.435 GsB of Agg. ^ 2.616 
40-2 57 40% RAP 4663.4 2698.0 4667 0 1969 0 2368 2435 I I 
Figure 112 NH Mixtures Production Information (5) 
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SUfOH PH» Indtmtrtm Inc 
OMTXt region 1 
TSQynttan HiMritli 
Dry OnMMtOfi 
Plant Number: 722 Description: 
12 5mm (12") Surface 
Course 50 GYR Stata: New Hampshire Data: 1122/2010 Production Testing 
Location: Portsmouth, NH Typr E ftam : sp Mix Coda: 192 
Daalon Type: Stperpave Max Nominal Sin: 0 50 Inch 1250 mm Tim© 830-00 
ttai (MM (M fkflt VW Dae 11-OriO 
Stava mm •••*•< Sand WMS Dvtl Fines 9.9 12.8 19 29.0 7/1 •" TOTAL Aim Ad|ualad Aim tPmln 
37.5 (1 1/2") 100 100 100 100 100 100 100 100.0 100.0 37.5 <00.0 
25.0 (1") 100 100 100 100 100 100 100 100.0 100.0 25 0 100.0 
110 (3/4") 100 100 100 100 100 100 100 100 JO 100.0 190 100.0 100.Q 
12.5 |1/2") 100 100 100 100 100 95 100 98.7 96.7 125 M.7 M.4 
0.5 (3/8") 100 100 100 100 99 51 98 86.4 86.4 95 99.0 17.7 
4.75 (#4) 96 M M 100 29 6 74 55.5 55.5 4.8 57J 55.2 
2.36 (*8) 84 70 78 100 5 3 56 41.2 42.0 •8 42J SM 
1.18 (#16) 70 46 57 100 3 2 44 32.7 32.7 •16 314 29.9 
0.6 (#30) 54 31 43 100 3 2 33 24.8 24J *30 3it 222 
0.3 (#50) 30 18 31 98 2 2 22 16.0 15.0 *50 14.9 14 0 
0.15 (#100) 6.2 7.8 10.2 95.0 2 12 6.1 6.1 *100 M ft.5 
0.075 (#200) 1.7 3.0 10.7 81.0 1.3 1.0 0.0 0.0 7.4 2.65 8.7 *200 1ft 3.2 
AM. UHlffUttOM 1 4 6 2 2 3 Total % AC: 5.70 %Pb* M 14 
Rom Factor -1 0 I % RAP AC: 4 79 % Virgin AC: 3.76 Gmb 2.373 
% Aggregate 21.77 1.15 0.00 000 13.0 26.0 38.1 100.0 Omm 2.437 
Sand Ratio 95.0 5.0 0.0 0.0 RAP CoW Faad %: 40.0 TRB % 142 Voids 2.700 
Fina Angularity 0.0 VMA 14.2 
AMBuftSpO 2.609 2580 2558 2558 2.593 2.578 2655 2.616 
Ago ApparantSpQ 
VMA | 14 
Total G nder Replacement 1.92 
Efcnder Repafcement Value' ».5 





Porsmouth NH Plant 722 
Pike Industirs Inc. 
Plant type Drum Air Temp= 
Manufacture Gencor 
Model Ultra Drum 
Year 2008 
MaxTPH 400 
Actual TPH 200 
Temperature of PG 290 
Burner Set point 340 
mix time from time of introduction of binder to discharge 40 seconds 
Discharge Temperature 335 
Storage time in silo lhour 
Temperature of mix leaving the plant 3i5_ 
Haul time to project 2 min 
Mix laydown temperature 
MTV? 
PG Grade COA 
Compaction Temp 
Figure 114 NH Mixtures Production Information (7) 
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PIKE INDUSTRIES. INC. 
Quality Control Division 
Belmont NH 
One point verification ol RAP Mixes 
Sufwpave Mix Design Proptrtiu 






Blows per SKte 












12.5 Surface Course 50 Gyration 
Oct 18.2010 
Specimen Wat. Grams Specific Gravity GsBot Aqq , Stability - Lbs Flow 
Spec % Spec. In In Vol. Buft Theoret Voids % % Unit Wgt. 
No. AC Hot. (in.) Air Water s s o  ( CC ) Gmb Gmm Total Mix VMA VFA (pcf) Meas Corr 0 01 m 
42.5x8 5-7 Viratn 4755.3 2716.4 47628 20464 2.324 GaBof Aoa . 2581 0 
42.5x8 57 Vinain 4758.1 2719.1 4761.9 20428 2.329 0 
42.5x8 5.7 Viroln 4758.3 2720.9 4762.1 2041.2 2.331 0 
AVFL. 2.32FT 2.419 34 14.9 744 148,3 
20-1 57 20% RAP 4710.9 2716.6 4713.2 1996.6 2.359 2.43 GsBotAoo. - 2-602 0 
20-2 57 20% RAP 4T10.0 2712.4 4712.3 1999 9 2 355 243 0 
20-3 57 20% RAP 47134 2719.9 4714 8 1994 9 2 363 243 0 
Avo. 2.159 2.43 2.9 143 79.9 147.2 
30-1 57 30% RAP 4688 8 27134 4691.1 1977.7 2371 2434 GeBofAoo • 2 610 0 
30-2 57 30% RAP 4685.0 27094 46872 19778 2.369 2.434 0 
30-3 57 30% RAP 4689.4 27086 4691.7 1983.1 2.365 2.434 0 
Avg. 2.368 2.434 2.7 14.4 81.3 1474 
40-1 57 40% RAP 4668 7 2703.5 4671.1 19676 2373 2435 GsB of AQQ. • 2 616 
40-2 5.7 40% RAP 46634 2698.0 4667.0 19690 2.368 2435 
40-3 5.7 40% RAP 46682 27065 4671 8 1965 3 2.375 2.435 
Avg. 2.372 2.435 2.6 14.9 82.1 148.0 jo—ipnadbyflHG 3,fr98.3>aa96*5'96. JAW 4 10 REUSED S?(MX By DBC FUengrn MARSH 
Page 4 
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S1-10H Ptt»Mu*trim1nc 
0J8THB Region 1 
nQyrwtkm MawrMt 
DryQrtdMkm 
Plant Number: 722 
I25T*»M17) Surface 
Daacription: COURSE SO GVR State: 0 
1 i X I Dete: 11/22/2010 Production TESTVTG 
Location: Portsmouth. NH Type:E Hem: SP Mix Code: 192 
OeakinTvpe: Suoerpave Max. Nominal Size: 0.50 Inch 1250 mm Time 8 30 00 
KBLMT lM EM TW UF r.-a Dai 6 11-01' 10 
Slav* mm WNM IM4 WMS Oust Fines 9.3 12.5 1ft 28.0 7 lit" TOTAL Aim Ad wM Aim % Panto 
37.5 (1 1TT") 100 100 100 100 100 100 100 100.0 100.0 375 100.0 
25.0 (1") 100 100 100 100 100 100 100 100.0 100.0 25 0 100.0 
19.0 <3/4"| . 100 100 100 100 100 100 100 100.0 100.0 19.0 1004) 100.0 
12JS \UT) 100 100 100 100 100 95 100 98.7 98.7 125 98.7 97.7 
9.5 W) 100 100 100 100 99 51 98 06.5 98.5 9.5 984 IM 
4.75 (#4) 98 99 99 100 29 6 74 56.2 56.2 4 B 87 .S 88.9 
2.36 (#8) 94 70 79 100 5 3 56 41.9 42.0 •8 424 41.7 
1.13 (#16) 70 46 57 100 3 2 44 33.5 33.5 #16 33.4 31.7 
0.6 (#30) 54 31 43 100 3 2 33 25.8 25J #30 24.8 22.8 
0.3 (#50) 30 18 31 99 2 2 22 16.0 16.0 #50 143 13.7 
0.15 (#100) 8.2 7.8 19.2 95.0 2 1 12 6.9 6.9 #100 (4 8.8 
0.075 (#200) 1.7 3.0 10.7 91.0 1.3 1.0 0.0 0.0 7.4 3.62 3.6 #200 3J 2.8 
Aj?. Drftgmtion 4 5 6 2 2 3 Total % AC: 5.70* %Pb* 5.4 8.9 
Ftnea Factor 0.0 %RAP AC: 4 79 % Virgin AC: 4.26 Gmb 2.323 
%Aggivgata 25 29 3.53 0.00 0.62 16.0 26.0 28.6 100.0 Gmm 2.441 
Sand Ratio 85.9 12.0 0.0 2.1 RAP Cold Feed*: 30.0 TRB \ 1.44 Voids 4.900 
Fine Angularity 0.0 VMA 15.8 
AggBuBiSpQ 2.609 2.580 2.558 2.558 2.593 2578 2 655 2.610 
Agg Apparent SpG 
VMA 14 
Total Bsxler Replacement 1.44 
Brtder Reoalcement Value' 28.0 
Based on E draciefl Pb content 
Figure 116 NH Mixtures Production Information (9) 
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PIKE INDUSTRIES. INC. 
Quality Control Division 
Belmont NH 
One point verification ot HAP Mixes 
Superpsve Mix Design Properties 






Blows per tide 












12.5 Surface Course 50 Gyration 
Oct 16 . 2010 
Specimen Wat. Grams Soeofic Gravity GsBof Acta Stability - Lbs Fkm 
Spec. % Spec. In tn Vol. Bulk Tbeoret Voids % % Unit Wgt. 
No. AC Hat. (in.) Air Water S.S D. I C C )  Gmb Gmm Total Mix VMA VFA (pcf) Meas COFT. 001 in 
42.5x8 57 Viroin 4755.3 2716.4 4762.8 2046.4 2.324 GsBof Aaa . 2.581 0 
42 5x8 57 Virofn 4758.1 2719.1 4761.9 20428 2.329 0 
42.5x8 5.7 Viroln 4758.3 2720.9 4762.1 2041.2 2.331 0 
*»»• 2.32* 2.419 3.8 14.9 74.8 148.3 
20-1 57 20% RAP 4710.9 2716.6 4713.2 1996.6 2.359 2.43 GsB of Aqq. « 2.602 0 
20-2 57 20% RAP 4710.0 2712.4 4712.3 1999.9 2 355 2.43 0 
20-3 57 20% RAP 4713.4 2719.9 4714 8 1994 9 2 363 2 43 0 
Avfl. 2.359 2.43 2.9 14.5 79.9 147.2 
30-1 57 30% RAP 4688.8 27134 4691 1 19777 2.371 2434 GsBof Aoo • 2 610 0 
30-2 57 30% RAP 4685.0 2709.4 4687.2 19778 2.369 2.434 0 
303 5 7 30% RAP 4689.4 2708.6 4691.7 1983 1 2 365 2.434 0 
2.368 2.434 2.7 14.4 81.3 147.8 
40-1 57 40% RAP 4668.7 2703.5 4671.1 1967 6 2.373 2.435 GsB OL AQQ. * 2.616 
40-2 5.7 40% RAP 4663.4 2698.0 4667.0 19690 2.368 2435 
40-3 57 40% RAP 46682 2706.5 4671.8 1965 3 2 375 2435 
AV* 2.372 2.435 2.6 14.5 82.1 148.0 
Inwonad&yRHC•3.»»,3>2396<^,96. JAW 4'tO RfcVtSfcP »a>0« By PBC ~ FHenarw MARSH 
Page 4 
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S1-10H PUatkxliMrtttkK 
0MTK8 Ffrgton 1 
TSOyrwUon Mmtrttf 
Dry amotion 
Plant Number 722 
12.5mm) 1 "2") Surface 
Description: course so gyr Sfata: New Hampshire Data: 11.'22'2010 Production Testing 
Location Portsmouth, NH Type: E item: SP Mix Code: 192 
DeekmType Superpave Max . Nomin al Size: 0.50 inch 12.50 mm T«ne 8:00:00 
«*>< t«t UJ DM 10:29.10 
Stow mm Wtilwd SaM WHS Oust Flnet 9.S 12.9 19 25.0 7/16" TOTAL Aim %Pmln 
37.5 (1 1/2") 100 100 100 100 100 100 100 100.0 100.0 37.5 100.0 
25.0 <r> 100 100 100 100 100 100 100 100.0 100.0 25.0 100.0 
19.0 (3/4") 100 100 100 100 100 100 100 100.0 100.0 19.0 100.0 
12.5 {1/2") 100 100 100 100 100 95 100 98.7 98.7 125 •92 
9.5 (3/8") 100 100 100 100 99 51 98 68.5 86.S 95 89 1 
4.75 (#4) 98 99 99 100 29 6 74 57.5 57.5 48 •1.4 
2.36 (#8) 84 70 78 100 5 3 56 42.4 42.4 *8 43.4 
1.18 (#16) 70 46 57 100 3 2 44 33.3 334 #16 32.8 
0.8 (#30) 54 31 43 100 3 2 33 25.5 25.5 #30 25.8 
0.3 (#50) 30 18 31 99 2 2 22 15.8 15.8 #50 15.3 
0.15 (#100) 8.2 7.8 19.2 95.0 2 12 7.0 7 JO #100 7.3 
0.075 (#200) 1.7 3.0 10.7 81.0 1.3 1.0 0.0 0.0 7.4 3.60 3 A #200 3.7 
Dmmiiw 5 6 3 Totat% AC: 5.70 % Pb' 5.7 
Fine* PftCtOT 00 % RAP AC: 4 79 % Virgin AC: 4.74 Qmb 2.366 
% Aggregate 24.57 9.36 2.62 0.90 17.0 26.5 19.0 100.0 Qmm 2v429 
Sand Ratio 656 25.0 7.0 2.4 RAP Cold Peed %: 20.0 TRB % 0.96 Vorts 3400 
Flna Angularity 2.4 0.1 VMA 14.6 
AggBufcSpO 2 609 2.580 2.556 2.558 2593 2578 2.655 2.602 
Agg Apparent SpQ 
VMA 14 
Total Binder Replacement 0.96 
Sftder Raoafcemwi! Value 144 





Porsmouth NH Plant 722 







Temperature of PG 










mix time from time of introduction of binder to discharge 40 Seconds 
Discharge Temperature 
Storage time in silo 
Temperature of mix leaving the plant 
Haul time to project 
Mix laydown temperature 
MTV? 
2468 
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Avery Lane Terminal:Newington, NH 
PG ASPHALT BINDER CERTIFICATION 
Sample Source: Avery Lane PG Classification: 64-28 Certification: 
Lot#: 64-28/10/19 Pll Sample#: 500-1046 Process Control Test: 
Sample Date: 10/29/2010 Tank#: 5 




LBS/GAL @ 60°F: 
Smoke Point: 















Pa-s @ 135°C 







Max. 3.0 Pa-s 
Max. 3.0 Pa-s 
AASHTO T 228 
AASHTO T 228 
ASTM TABLE 8 
FM 5-519 
AASHTO T 48 
AASHTO T 316 
AASHTO T 316 
ORIGINAL BINDER 





kPa @ 64'C 
Max. 1.00% 
Min. 2.2 kPa 
AASHTO T 240 
AASHTO T 315 
Mass Loss: 
DSR: G*/Sin Delta: 
PAV RESIDUE 
DSR: G*Sin Delta: 






kPa @ 22°C 
MPa @ -18C 
@ -18C 
Max. 5000 kPa 
Max. 300.0 MPa 
Min. 0.300 
AASHTO R 28 
AASHTO T 315 
AASHTO T 313 
Critical Cracking 
Temperature 
°C Report Only CCT 
Recommended laboratory mixing temp., Min/Max, "C: 151/156 
Recommended laboratory compaction temp, Min/Max, "C: 139/144 
Data obtained from manufacturer's certification or independent laboratory testing 
For: Pike Industries, Inc. 
Certifying Agent 
T echnieian Pater Moor* NETTCP #225 This material is modified using PPA Do not use with any hquid anti-strip without consulting 
the supplier 
Figure 120 NH Mixtures Production Information (13) 
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Williston VT, Pike 
moisture 15-Nov-10 lS-Nov 15-Nov 15-Nov 16-Nov 16-Nov 
Virgin 64-28 Virgin 52*34 20% 64-28 %20 52-34 30% 64-28 30% 52-34 40 %64-28 40%-52-34 
Wet Weight 1714.2 1683.8 1738.5 1847 1690.9 1822.5 1917.5 2240.5 
Dry Weight 1714.1 1683 1738.3 1846.9 1660.6 1821.9 1916.4 2239.2 
Tare 277.3 278.7 278.1 313 6 289.4 3258 366.2 334.3 
Grams of water in mix 0.1 08 0.2 0.1 30.3 06 1,1 1.3 
% Water in Mix 0.000 0.001 0.000 0.000 0.022 0.000 0.001 0.001 
mix bubbling mix bubbling water visible water present 
Heavy Steam 
Figure 121 VT Mixtures Production Information (1) 
Oate 
Plant Location 
11/16/2010 Pike Industirs Inc. 
Williston, VT 800 







Temperature of PG 
Burner Set point 
Batch 
H & B  
1966 
314 
Air Temp= 46 
Cloudy Wet 
200 5 ton drops 





Discharge Temperature 300 
Storage time in silo N/A 
Temperature of mix leaving the plant 295 
Haul time to project 2 min 
Mix laydown temperature 295 
MTV? N/A 
PG Grade 
Figure 122 VT Mixtures Production Information (2) 
Date 
Plant Location 
12/16/2010 Pike Industirs Inc. 
Williston, VT 800 







Temperature of PG 
Burner Set point 
Batch 





200 5 ton drops 
750 getting 613 F 





Discharge Temperature 320 
Storage time in silo n/a 
Temperature of mix leaving the plant 320^ 
Haul time to project 2 min 
Mix laydown temperature 320 
MTV? _N/A 
Rap poing into mix for 14 dry seconds and 25 seconds of the wet time 
10:12 AM Water visable in mix in generous amounts. 
PG Grade 
Figure 123 VT Mixtures Production Information (3) 
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Date 15-Nov-lO Pike Industirs Inc. 
Plant Location Williston, VT 800 
9.5 20% S2-34 16:23 
Plant type Batch Air Temp= 48 
Manufacture H&B cloudy wet 
Model 
Year 1966 
Max TPH 314 
Actual TPH 200 5 ton drops 
Temperature of PG 299 
Burner Set point 606 





Discharge Temperature 324 
Storage time in silo o 
Temperature of mix leaving the plant 324 
Haul time to project 2min 
Mix laydown temperature 324 
MTV? N/A 
PG Grade 
Figure 124 VT Mixtures Production Information (4) 
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Date 15-Nov Pike Industirs Inc. 
Plant Location Williston, VT 800 
9.5 virgin 52-34 
11:34 
Plant type Batch Air Temp= 50 
Manufacture H & B  cloudy wet 
Model 
Year 1966 
Max TPH 314 
Actual TPH 200 5 ton drops 
Temperature of PG 296 
Burner Set point 440-455 





Discharge Temperature 340 
Storage time in silo N/A 
Temperature of mix leaving the plan 340 
Haul time to project 2min 








11/16/2010 Pike Industries Inc. 
Williston, VT 800 
9.5 40% 64-28 11:58 
Batch 
H & B  











Temperature of PG 
Burner Set point 
mix time from time of introduction of binder to discharge 
Batch Plant 
burner set point 
Mix times 
305 








Storage time in silo 
Temperature of mix leaving the plant 
Haul time to project 2 min 





Rap being introduced for 14 seconds of the dry time and 34 
seconds of the wet time. Water is plentiful in the mix 
coming out of the chutes and water out of the bottom of the 
cute. 
Steam off the truck was a full plume covering part of the truck. 




16-Nov Pike Industirs Inc. 
Williston, VT 800 
9.5 30% 64-28 
Batch 













Temperature of PG 
Burner Set point 
mix time from time of introduction of binder to discharge 
Batch Plant 










Storage time in silo 
Temperature of mix leaving the plant 
Haul time to project 
Mix laydown temperature 
MTV? 
322 
20 hold at pl;ant while QC work is done 
310 
N/A 
Cut back 9.5 feed. Waiting for 9.5 now, pulled hot bins of 9.5 and sand 
9.5 35% passin # 4 and 5.5 % passing #8 
PG Grade 




11/15/2010 Pike Industirs Inc. 
Williston, VT 800 
9.5 20% 64-28 PO# 020-102-2226 
14:18 
Batch 












Temperature of PG 
Burner Set point 
mix time from time of introduction of binder to discharge 
Batch Plant 











Storage time in silo 
Temperature of mix leaving the plant 
Haul time to project 











11/15/2010 Pike industirs Inc. 
Williston, VT 800 
9.5 virgin 64-28 9:21 
Batch 
H & B  
1966 
314 








Temperature of PG 
Burner Set point 
mix time from time of introduction of binder to discharge 







Discharge Temperature 330 
Storage time in silo N/A 
Temperature of mix leaving the plant 330 
Haul time to project 2 min 
Mix laydown temperature 300 
MTV? N/A 
PG Grade 
Figure 129 VT Mixtures Production Information (9) 
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Protect •Hr ll> Lot # 1 Mix Temp: 295 •F 
Mix Type: ru-wn Slip # 81503504 Binder Type and Source: 
Mix Spec.# 406.25/490 50 GVT Dm*: 11/14/2010 txhmiai 
Mis Deatgit# Time: 2:11 PM SI U 
Plant# PI00 "« Design A.C. 
Witrrur Moisture 3.70 % Slip A.C. AJC. Sp. Gr. J.<05 
RAPMoiMur* 220 MhtMaslure I 
Imitton Own Batch Wei ihu Feed Seninc* 
Bowflc ItBx Pan Ic An A.C. f..4 wss r.5 
Bowl Pan Sand 1M.it Troad Si 
Mix 1571 A||ln Pan 9J (3/K**) 18 Scr.8a. (.5 
• E*».A.C. f. M Agg.In Filter 12-5 fl/2") 9S (3/«"J 4S 
Total AM. 14M.X 19.0 (J/4") 123 (1/2") 
M.F. ,, 19.0(3/4-) 
Sieve mm Gwni ".Ret. %Paaaiiif job Aim Out o<Tol. Rao 25.0 (1") 
37.5(1 l/I") Mil (••Ml Total Rap 
25.0 <P) ll'l IlKMi Ma*er "S 
HJKJ/4") M.ii limn 
12.5 (1/2") ll'l |IIMI BufcSoG.orAi P«NIC 
9S (3/8") 2.1 ..7'. 9(1 SPG Total 
4.75 (#4) 1104 :i: K.H 70 D t^„Scr. <i'««' 
2J6 (#0) +*>•> 2X<> 4*K 47 Sct-Sa. 
2*«U i<»«. 2'T X 51 TS^.SCT. • Uftto 
0.6mm (#30) 1S0.S J.»0 IR4 20 9.3 (3/B") linn 
OJmra (#50) «R.* MX 12 as «/2") llfKtlt 
0JI«wn(#tM) 614 4 1 7 19.0 (3/4**) »i1»*> 
0.75mm<#20e) 4t1 1« 4 r. 4 25.0 (1") ii »»> 
Pan+FiHer ti?.2 i (. R-p 1 1 l C*l 
Total 1444.1 BSC «!J1\ 
AASHTO TK* BttBt Sufi. 
Puck 1 Puck 2 Puck 3 Awrace 
Ilcuhi mm 
In Air 17*1.7 177 11 • 
la H2Q 277»M :7M" 
SSI) 47*4 2 477*' 
Vol. >1 • * 




AASHTO T-209 M»imwm Spfi. 
Max. 1 Max. 2 
Hack It Sample 
Haak 
(A) Sample 14"1<» I >t 4 1 
(T» Flask * If20 17<»'» 
(K)Flaak. Sample fc H2C 2<»SIU 
A/ (A +D -E) 2-J74 in 
Aver aire 2.r: 
"... Voids % VMA *• VFA K*.Sra. *» Abanro. ' Eff. A.C. Filler/A.C. 
4.1' #I)J\ M l  
Figure 130 VT Mixtures Production Information (10) 
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Project: T< » (ioltbcstcr Ui# 1 Mix Temp: 322 •F 
Mix Tvpe: 274 na> Slip# 81503483 Binder Type and Source: 
Mix Spec.# 406.25/490 50 Gvr Dale: 12/16/2010 Ntviiiiiinii 
Mix Dnign# Time: 10:05 AM <>•1 28 
Ptani# P800 "• Design A.C. 
Aggregate Moisture 3 JO "» Slip A.C. ft. VI A.C. Sp. Gr. 1 i»V 
RAP Moisture 2 30 Mix Moisture | 
ignition Oven Baich Wei lh» Peed Setting* 
Bowl & Mix Pan& Agg A.C. r^ 4 WSS 
Bowl Pan Sand 41«» Truad > 
Mix l«&2 Agg.In Pan 9.5 (3/8") 21.K Scr.Sa. OS 
% Ext. A.C. (,.V» Agg.ln hhn 12.5(1/2") 9.5 (3/8") 5" 
Total Agg. 1374 7 19.0 (3/4") as am 
M.F. »<,  19.0 (3/4M) 
Sieve mm Grunt % Ret. '/« Pasting Job Aim Out of Tol. Rap "•H; 25.0 (1M) 
.17.5(11/2") • Mi 1UM. Total Rap 
25.0 (l,r) IMl HUM Master ?s 
19.0 (3/4") .Ml lino 
12.5(1/2") II.O IHIO Bulk SpG. of A pgregate 
9.5 (3/8M) 2I.'» 1.4 •«.<» 9N % SpG Total 
4.75 (#4) 171.1 1\(, 75.n 70 D.St.Scr. <!.»*» 
2-36 (#8) 122.7 2K'J 48.1 47 Serbia. »i •*»» 
1.18 (#16) 2*J2.H IK(, 5 31 W.SiScr. i>iik> 
0.6mm <#30) 17*1.S HIM IX.7 20 9J (3/8M) ii nkl 
OJmm (#50) HW2 (»•) II 7 12 12.5 (1/2**) lUlt) 
0.15mm(#100) 68.4 4 1 7.4 7 19.0 (3/4") 
0.75mm<#200) 45 2'» 4 5 4 25.0 (!") IMMI 
Pan+Filrer 71.1 4.5 Rap (!'«»< 
Total 1572.9 BSG *i>i\ »i* 
AASHTO T-166 Bulk SpG 
Puck 1 Puck 2 Puck 3 Average 
Height nun US.7 
In Air •1777 •> 47T) 1 
In I120 27811 277*1.11 
SSD 477«>.6 4781.4 
Vol. ;*>•*. i > • : .  




Max. 1 Max. 2 
Flask & Sample 
Flask 
(A) Sample 14'>5..5 iw.'i 
fl» Flask & HJO !?<.•» I""V> 
(K) Flask. Sample & H20 2657'J 2^1 z 
A/ (A +D-E) 2465 2-W.7 
Avenge 1 w. 
AASHTO PP-19 Volumclric Anaiyu 
"'u Voids VMA VFA tff-Spg. % Absorp. % tit A.C. FUler/A_C. 
1.1 2.1 Vf frl)lV/f! /?l)l\ /('! «!>l\ /M| 
Comments: 
1'uivrv >»'/V» 
Figure 131 VT Mixtures Production Information (11) 
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Protect I t' i .i >libc*tt r liOt# 1 Mix Temp: 324 • F 
Mix Type: r4 5M> Sbp# 80071542 Binder Tvpe and Source; 
Mix Spec.# 406JS/490 SO Clyr Date: 1I/1S/2010 Ifanmur 
Mix Design# Timet 4:23 PM *>2 %l 
Plant # P800 % Design A.C. 
Aggregate Mnittuie 3.B0 •.StopA-C. h A.CSp.Gr. 
RAP Moisture 280 Mix Moisture | 
lgnhion (hen 1
 
t >htf Feed Settings 
Bowl & Mix Pan Be Agg A.C. 6.4 WSS 6S 
Boiri Pan Sand Troad 3> 
Mix IV>.4 Agg. In Pan 9.5 <3/8") LIFT ScrSa. (S 
*. Lxt. A.C. Agg.in Filter 12.1 (1/2") 9.5 (3/8") u\ 
Toi«l Agg. 1444.7 19.0 (3/4") 12.5 (1/2**) 
M.P. 1 i 19.0(3/4") 
Sieve mm Grama % Ret. % Pudtng Job Aim OutofTol. Rap l'» 1 25.0 (1") 
37J(I 1/2") (IT) l< i it < Total IHHI Rap 
25.0 (1") M. lino Master 
19.0 <3/4") • Mi Kiri.ii 
U.S (1/2") IM !«»»> Bulk SpG. of A Dpciace 
9.5 (3/a"> 21R 1 6 *m i <m % SPG Total 
4.75 (#4) m.z I'J.2 Ti.2 69 DJ5l-Scr. 
2..% m\ 4t«».l iKl M I 46 Scr.Sa. 
1.18 (#16) ?M7 y>* \»7 30 W.SuScr. •INI 
0.6mm (#30) 1AH IN. I 'M 19 9.5 {3/8") 111K N • 
0.3mm (#50) 74 l !K 11 12.5(1/2") <>[«•< 
0.15mm<#t00) bU 4 .4 :» 7 19.0(3/4") •  MIL 
0.75mm(#200> •M! in K. 4 25.0 (i"> 
Pan+Filter 6FT 2 4 6 Rap 
Total 1444.9 BSG #NI\ "• ..(M. 
AASHTO 1-166 Bulk SpG. 
Puck 1 Puck 2 Puck 3 Averacc 
Hdiht mm 
In Air 47f»'J.l 4771.1 
In H20 27f»l.t 27M1 
SSD 47* >7 4771.1 
Vol. 




AASH I O T-209 Maximum SpG. 
Max. 1 Max. 2 
Flask <c Sample 
Flask 
(A) Samoie 15"*US Is*.I •> 
(D) Flask &IUO 1769 1777 1 
(E) Flask. Ssmole tt H20 
A/ (A +D-E) Z4*M 14SK 
Average 2 
AASHTOJPN9Volw  ^
Voids % VMA ' . VFA Kfl.Spg. "n Absorp. % KIT. A.C. Filler/A.C. 
i i 2 717 anjv.'Hi 
Comments: 
Figure 132 VT Mixtures Production Information (12) 
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Project : V mjn 11> Lot U 1 Mix Temp: 315 9 F 
Mix Tvpc: 2*>i •i.Smin Si! Slip# 81503445 Rinder Tvpc and Source: 
Mix Spec.# 490 50 Gyi Date: HiniiH.tr 
Mix Design# Time: 11:39 AM 5K M 
Pbuii # P800 "» Denign A.C. 
Aggregate Muiiture 4.00 Slip A.C. (i (.2 A.C. Sp. Gr. l.iC 
RAP Moisture Mix Moisture | 
Ignition Oven Batch \Tei Khtt Feed Settinca 
Bwi & Mis Fan 8c A** A.C. WSS 6S 
Rmi Pan Sand Troad tA 
Mix ITTf, AfgJn Pan 9.5 <3/8") V.'» Scr-Sa. t.S 
"•Exi. A.C. r..(,5 A||in Fiber as (i/2") 9.5 (3/8") f.5 
Tool Agg. 12H4 5 19.0 (3/4") 123 (1/2") 
M.F. 19.0 (3/4") 
Sieve mm Gram '• Ret. "•Paaaing Job Aim Out of ToL Rap 25.0 (1-) 
37.5(11/2") ii.ii 1<»H» Total |,M.. Rap 
25.0 <!«*) ii ii IIMO Maaier Si' 
1941 (3/4"> on Mill 
12 J (l/2"> • Ml H»Hi Bulk SpG. of A wregale 
9.5 (3/8*) IV? i: 98 SpG Total 
4.75 (#4) yk.A ^8 « 48 D-Sl-Scr. M.IIN! 
2M (#8) U5 5 n: 51.1 43 ScrSa. <>.»»>  
1.19 (#16) iaz\ t'» 7 11 l 28 WJ&iJ&ct. 
Oimm (#30) l.v<v<> III I'M 18 9J (3/8") 
03mm (#50) IU>5 Hi, l'»7 10 12J 0/2") 
0.iSmm(#f00> S8'> 4 f. <•1 6 19.0 (3/4") 
0.75mm(#200) ?).<> 2 i 4.5 25.0 (1") lhk„ 
Pan+FiHer 4Kf» VH Rap 
Total 1283-3 BSC ,,,1.1,1 
Puck 1 Puck 2 Puck 3 Avrrace 
Mcijt*K mm 
In .Ui 4778.1 4777 r. 
In H20 2745.1 274i'.7 
SSI) 47AI . I I  477') 1 
Vol. :>>M >  ' *H  1  




AASHTO T-209 Maximum SpG 
Max. 1 Mm. 2 
FWtak & Samok* 
Flaak 
(A) Sample 152M I-J-'s 
(I» Flask Sf H20 17f.«» r "v 
(H) Flaak, Samote 8t 1120 21.75.1 
A/ (A +D -E) 2.461 2.4W. 
Averaie 
Voida VMA "» VFA Eff. Spg. % Abaorp. tff. A.C. FiOer/A.C. 
i.H 27V) #|)!\ ,'Hf 4niY.nl #D!\ "• 




Figure 133 VT Mixtures Production Information (13) 
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Protect: » •• 11) 
Mi* Type: :74 4»1) 









Mix Temp: 295 
Binder Type and Sourer: 
260 
"•» Slip A.C. 
Mix Motsture I 
% Design A.C. 
A.C. Sp. Gr. 
Pan&Agg _ 
Part 
Agg.in Pan __ 
Agg.In Killer __ 
TfXal Agg. 
_ 
























AASI1TO T-166 Bulk SpG. 
Pwkl Puck 2 Puck 3 Averace 
Height mm 
In Air 47H\7 47-Mu 
In II20 27711.2 
SSD 47RS.6 4?n.4 
Vt>t. 




Mas. 1 Max . 2 
Flask & Sample 
Flask 
fA> Sample 1SU7 1 VM 
f D) Flask Ac H20 I7G«> |77- 1 
fKl Fladi. Samole & H20 2W\* nu. 
A/ (A +D-E1 247<. 2.47* > 
Arerace : r\ 
% Voids % VMA % VFA Fjr.spt "•'« Abflorv. % Fir. a.c. Filler/A.C. 
4 T 2.7V) #niv/<i» 
Figure 134 VT Mixtures Production Information (14) 
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Pike Industries Inc 
Quality Control Division 
AAMRl 
Approved 
Plant Number: 800 Description: 9 5 Wearing Stale Vermont Date: 1/24/2011 
Location: Wllilstoft, VT TYPE: IV ITEM: Mix Code 254 
Dedsn Type: Stipe rpeve Max. Nominal Sue: 3/8" Inch 9.5 mm Design Number 800-40RAP 
HtnMbxg C«oo Thundf Rort • REF' Mr pari Oe «gn Tolerances 
Steve mm CMIW VHSS ScSand Frat a.s 12.5 31.5 mv TOTAL Mm Low High Virgin Aim 
37.5 (l vr) 100 100 100 100 100 100 100 100.0 100.0 100 100 100.0 
25 in 100 100 100 100 100 100 100 100.0 100.0 100 100 100.0 
19 (3/4-) 100 100 100 100 100 100 100 100.0 100.0 100 100 100.0 
12.5 (iart 100 100 100 100 100 100 100 100.0 100.0 100 100 100.0 
9.5 (a>8-) 100 100 99 100 96.9 90 95.1 95.1 90 100 09.0 
4.7S (»0 91 98.9 95 100 25.6 72 65.9 65.9 90 70.0 
2.36(B)) 52 83.4 90 100 4.6 52 43.3 43.3 32 67 44.0 
1.18 (»16| 24 31.6 82 100 3.0 36 29.1 29.1 27.0 
0.6 (#30) 12 15.7 65 100 2.0 24 19.2 19.2 10.0 
0.3 (*50) 6 7.4 34 99 2.0 16 11.5 11.5 10.0 
0.15 OIOOI 4.0 4.4 10.0 97.0 2.0 11 6.7 6.7 5.0 
0.075 IH200I 2.7 3.2 3.6 9 1.0 1.6 .0 .0 .0 8.3 4.66 4.7 2 10 4.4 
•Vv» iVnaMim i 2 3 i 2 6.6 5.0 8.0 6.6 
Fines Factor 0.0 RAP AC 5 4t 2.16 Total Binder replacem 
% Aggregate 6.43 16.08 "S:65 " 0.00 30.0 6.6 6.6 37.8 100.01 32.79 Binder Replacement V 
Sand Ratio 20.0 50.0 30.0 RAP Cold Feed %= 400 4.44 % Virgin A.C. 
Fine Angularity 0.0 
Butt> Spedc Qraviif of Aoo 2613 2637 2 690 2 744 2 643 2.074 Apparent SpG-
Aooarant SoacMc Gravity 2.725 2 734 2.786 2 689 
[V.M.A Required; 15 
Figure 135 VT Mixtures Production Information (15) 
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Project: Lot# 1 Mix Temp: 322 • F 
Mix Type: *>d sy»# 61503465 Binder Type am 1 Source: 
Mix Spec.# 406.25/490 50 Gn Date: 11/16/2010 New inch "« 
Mix bengn# lime: 7J6 AM M 2H 
Plant # PW0 "vOetign A.C. 
Aggregate Muiilun 4.00 Slip A.C. A.C. Sp. Gr. 1 i'Vi 
RAP Moisture 3.30 Mix Moisture | 
Icratiua Oven I f Ehts Feed Scums* 
Bowl & Mix Pan & Agg A.C r,.i wss 6*> 
Bowl PMI Sand urn Troad IS 
Mix ISM.** Agg.in Pan 9.5 (3/8") 24.*) ScrSa. (.S 
•» bjt(. A.O. <>u) Aggln Filter 12.5(1/2") 9J (3/«") 7$ 
Toral Agg. 14 I'M 19.0(3/4") !2i<l/2") 
MP. • '.»> 19.0 (3/4**) 
Sbt mm Grams % Ret. " " PMting Job Aim OutofTol. Rap 2*: 25.0 (I**) 
37.5(11/2") no linn Total jM'll Rap 
25.0 (I") <>.. |.«M. Matter V* 
19.0 (3/4") ti.li ll.M. 
12.5 (1/2") lid Bulk SpG. of A 
9.5 a/8") 1IH 2: ' )7 K <m % SDG Total 
4.75 (#4) ?)VH 3U.3 n> 70 D5t.Scr. i' n«i 
2.36 (#9) 41 Xb 2K<> 4K'» 47 Scr.Sa. Mud 
1.1$ (#14) 287.6 VW 2'MI 31 W.SuScr. I'lin 
0.6mm (#30) 101 /» 11: !7« 20 9.5 (3/8") c lilt 
0.3mm (#50) •P4 ft 7 Itn 12 12J<l/2") man 
O.I5nun(#!O0) 5H<» 4 1 :M 7 19.0 (3/4") <>.nw> 
0.75mm(#200> .182 lo »s 4 25.0 (l"> 
Pan Filter *2* 4 1 RiP • ><Ml 
Total 1445.4 BSG «i)j\ >* .MM. 
AA-Stno T-t66 Bulk SpG. 
Puck! Puck 2 Puck 3 Average 
Height mm IP lU.'f 
In Air 4771 0 W.H 
In I120 2742" 21 Mx 2 
SSD ITfr<t <7718 
Vol. /NilV. yC'.i, 




AAS11TO T»209 Maximum SpG. 
Max. 1 Max. 2 
Flaak It Sample 
Plaak 
fA) Sample 1*>7* IMV> 
(U) Flaak & H20 Pr»') t ""*1' 
(E) Flaak. Sample It HZO y*i4 :<•-<>" 
A/(A +D-K) 2-4A3 2 44^1 
A«rage : k.i 
AASHTO PP-19 Volumetric Analym 
".Voidi VMA % VFA FJT.SPI. *'« Abtorp. \ Elf. A.C. Filkf/A.C. 
4.(» 2714 #wv/m #I>I\"/IK #ni\ >'n 
Comment*: 
Jink-in.14/V» 
Figure 136 VT Mixtures Production Information (16) 
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Pike Industrie* Inc 
Quality Control Division 
A AMRL 
Approved 
Plant Number: BOO Description: 9.5 Wearing State Vermont Date; 1/24/2011 
Location: WIHston, VT TYPE: IV ITEM Mix Code ?54 
0RAP Design Type: Superpeve Max. Nominal Size: 38" Inch 9 5 mm Design Number 800-3 
HriMbufo Csoo Tfonde' Road •RfF' Mrpott Design Tolerances 
Sieve mm &MMY WSS Sc Sand Fi«> 9.5 12.5 19 31.5 Mtng. TOTAL Aim Low High Virgin Aim 
37.5 (i V3D 100 100 100 100 100 100 100 100.0 100.0 100 100 100.0 
25 m 100 100 100 100 100 100 100 100.0 100.0 100 100 100.0 
19 (3/4-) 100 100 100 100 100 100 100 1004) 100.0 100 100 100.0 
12.5 |i«-) 100 100 100 100 100 100 100 100.0 100.0 100 100 100.0 
9.5 (in 100 100 99 100 97 90 96.2 96.2 90 100 99.0 
4.75 (» 41 91 99 95 100 26 72 69.2 69.2 90 70.0 
2.36 (f8i 52 63 90 100 5 52 43.7 43.7 32 67 44.0 
1.18 (f 16) 24 32 82 100 3 36 27.3 27.3 27.0 
0.6 (*30) 12 16 65 100 2 24 17.3 17.3 16.0 
0.3 (#50) 6 7 34 99 2 16 10.3 10.3 10.0 
0.15 (*100) 4 4 10.0 97 2 11 6.4 6.4 6.0 
0.075 (#200) 2.7 3.2 3.6 91.0 1.6 .0 .0 .0 8.3 4.63 4.6 2 10 4.4 
i 2 3 1 2 6.6 5.0 8.0 66 
Fines Factor 0.5 HAP AC 541 1.62 Total Binder replacem 
% Aggregate 19.19 17.45 6.98 0.00 28.0 6.6 0.0 28.4 100.01 24.59 Binder Replacement V 
Sand Ratio 44.0 40.0 16.0 1 RAP Cold Feed %= 30.0 4.98% Virgin A.C. 
Fine Angularity 0.0 
Bulk So«c*c G>*rfiv of Aoc 2813 2.637 2.690 2.744 2.643 2.067 Apparent SpG* 
Apparent Scwcthc Gfwnty 2 725 2 734 [ 2 786 2689 
jV.M.A Required: 15 
Figure 137 VT Mixtures Production Information (17) 
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Project: I I V 1 
Mix Type; 27-13i t) 









Mh Temp: 300 












"» Slip A.C. 
Mix Moisture |H 
% Design A.C. 
A.C. Sp- <»'• 
Ignition Oven 
Pan& Agg _ 
Pan 
Agg.In Pan 
Agg.ln Filter _ 
Total Agg. _ 






















1.IW (#16) W-St-Scr. 
0.6mm rmo> 9.3 f3/»*  ^
QJmm (#30) 123(1/2") 
Q.I3mm(»IOO) 
Q.T3mm(#200) 23.0 p") 
Pan+Filter JtiL. 
AASHTO T-166 Bulk SpG. 
Puck I Puck 2 Puck 3 Average 
Height mm 
In Air 47712 47«U» 
In II20 270 iY. 27rt>6 
SSD 477V* 47fil" 
Vol. iih: >•1 • 




AAS11TO T-209 Maximum SpG. 
Max. 1 Max. 2 
Ftaak & Sample 
Ktaak 
(A) Sample IMM !>::•» 
<D) Flask St 1120 !7W» 17TM 
(F) Ftaak. Samote ft H20 2AH1 4 2l.X"U 
A/ (A +D-K) i M t S  2.4r»«) 
Average 1 if." 
AASH^O^PP I^9Volun»etficAnii|j2  ^
% Vo»d» •• VMA % VFA Eff.Spg. '«Abaoa>. % Eft A.C. Fillcr/A.C. 
VH 2.720 mm ,tH m>IV/0! 
Comment*: 
Figure 138 VT Mixtures Production Information (18) 
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Pike Industries Inc 
Quality Control Division 
A AMRL 
Approved 
Plant Number: 800 Description: 9.5 Wearing State: Vermont Date. 1/24/2011 
Location: WIIHston, VT TYPE: IV ITEM: Mix Code 2S4 
0**lgn Type: Superpeve Max. Nominal Size: 3/8" inch 9.5 mm Design Number 800-20RAP 
HriMtMQ CGUU TtanOr Ho*0 »RFF MffHrt Design Tolerances 
Sieve mm Cm*** wss ScSand Ft«M 95 12.5 18 31.S TOTAL Aim Low High Low 
37.5 (i vr\ 100 100 100 100 100 100 too 100.0 100.0 100 100 100.0 
a in 100 100 100 100 100 100 100 100.0 100.0 100 100 100.0 
19 (3/4") 100 100 100 100 100 100 100 100.0 100.0 100 100 100.0 
12.5 (i/r) 100 100 100 100 100 100 99 100.0 100 100 100.0 
9.5 an 100 100 99 100 96.9 90 97.0 97.0 90 100 99.0 
4.75 <# 4i 91 98.9 95 100 25.6 72 69.4 69.4 90 70.0 
2.36 («8> 52 63.4 90 100 4.6 52 44.1 44.1 32 67 44.0 
1.18 (#16) 24 31.6 82 100 36 26.9 26.9 27.0 
0.6 (#30) 12 15.7 65 100 24 17.2 17.2 18.0 
0.3 (#50) 6 7.4 34 99 16 9.6 9.8 10.0 
0.15 (#100) 4.0 4.4 10.0 97.0 11 5.5 5.5 5.0 
0.075 (#200t 2.7 3.2 3.6 9 1.0 1.6 .0 .0 .0 8.3 4.43 4.4 2 10 4.4 
•i 3 6.6 5.0 8.0 66 
Fines Factor 0.8 RAP AC 5 41 1.08 Total Binder replacem 
% Aggregate 12.27 27.00 9.82 0.00 32.0 6.6 0.0 18.9 100.01 16.39 Binder Replacement V 
Sand Ratio 25.0 SS.0 20.0 0.0 RAP Cold Feed %« 20.0 5.52% Virgin A.C. 
Fine Angularity 43 0.0 
Bulk Spaohc Gravity o» Ago 2613 2 63? 2 690 2.744 2643 #DIV/0t Apparent SpG= #DIW0! 
Apparent SpacMc G>avtv 0.000 0 000 0 000 0 000 0 000 0.000 0.000 0 000 2689 
[V.M A Required: 15 
Figure 139 VT Mixtures Production Information (19) 
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Pro(fci: 
Mix Type: 2'>VJ.5mm > 





Bowl 4c Mix 
Howl 
Mix 


















•. Slip A.C. 
Mix Motsturo [_ 
u/u^aio 
330 Mix Temp: 
Binder Type and Source: 
222KLE 
% Deaipi A.C. 
A.C.Sp.Gr. 
JghjonOwi^ 












Troad U S  
Scr-Sa. U S  













AASHTO T-tefe B»tk SpC, • 
Puck 1 Puck 2 Puck J Averace 
Htifhi mm 
In Air 4777 7 477H'» 
In HZO 2744 1 2?2*> f. 
SSD *TI*M 4?Hlo 
Vol. 1 -o 1 \ :* t 




AASHTO T-209 Maximum SpG. 
Max. 1 Max. 2 
Flask St Samelr 
Fftntk 
(A) Sample 1V*. I 15U«. 
(D) FbMk <c 1120 17^.0 ) 777 i 
Flask. Sample fr H20 271 >1*» 2i.H\2 
A/ (A+D -K) 2477 24Hi» 
Arerafe 2 JK2 
AASHTO PP-19 Volumetric Analyait 
Void* VMA VFA Klf.Spt. *• Absoro. % FJV. AX:. Filler/A.C. 
S.K nv: #l>IVo! 
Comment*: 
Watting on 3/8" 
r>-1.P ' 8 9», 
Honnmp e«nr»l 
Figure 140 VT Mixtures Production Information (20) 
197 
Pike industries fnc 
Quality Control Division 
A AMRL 
Approved 
Plant Number: 800 Description: 9 5 Wearing Stale Vermont Date. 1/24/2011 
Location: WIINsi (on, VT TYPE: IV ITEM: Mix Code i>64 
2471 Oetlgn Type: Superpeve Max. Nominal Size. 3/8" Inch 9 5 mm Design Number 866-
W*1Mfk*0 csoc T>«sndarnM0 W1U Airport Design Tolerances 
Sieve mm CMW wss Sc Sand FttM 9.5 12.5 It 31.5 mtm TOTAL Aim Low High Low High 
37.5 (i I/2-I 100 100 100 100 100 100 100 100.0 100.0 100 100 100.0 100.0 
25 m 100 100 100 100 100 100 100 100.0 100.0 100 100 100.0 100.0 
19 (»'«•) 100 100 100 100 100 100 100 100.0 100.0 100 100 100.0 100.0 
12.5 an 100 100 100 100 100 100 99 99.9 100.0 100 100 95.0 100.0 
9.5 (»«•) 100 100 99 100 96.9 90 98.6 99.0 90 100 83.0 91.0 
4.75 (» *) 91 98.9 95 100 25.6 72 69.7 70.0 90 93.0 61.0 
2.36 («8i 52 63.4 90 100 4.6 52 44.0 44.0 32 67 40.0 44.0 
1.18 (.16) 24 31.6 82 100 36 27.0 27.0 31.0 3S.0 
0.6 IMO) 12 15.7 65 100 24 17.7 18.0 21.0 250 
0.3 |«0) 6 7.4 34 99 16 9.8 10.0 11.0 15.0 
0.15 (iiooi 4.0 4.4 10.0 97.0 11 5.1 5.0 4.0 8.0 
0.075 (fzooi 2.7 3.2 3.6 » 1.0 1.6 .0 .0 .0 8.3 4.37 4.4 2 10 2.0 4.0 
V*.. t\«yulK.ri , 2 3 1 6.6 5.0 8.0 0.0 00 
Fines Factor 1.8 RAP AC 541 0.00 Total Binder replacem 
% Aggregate 12.81 33.55 14.64 0.00 39.0 0.6 0.0 0.0 100.01 0.00 Binder Replacement V 
Sand Ratio 21.0 S5.0 I 24.0 RAP Cold Feed %» 0.0 6.60% Virgin A.C. 
[Fine Angularity 0.0 
Bulk Specific Gravity & AQO 2 613 2637 2 690 2 744 0 000 2.682 Apparent SpG* 
Af»v«* Scwafe: Gravity 2 725 2.734 2 786 2 661 
V.M. A Required' 15 
Figure 141 VT Mixtures Production Information (21) 
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Mix code 289 





295.20.D 295.30.0 295.40.D 
23.7 22.9 20.1 
49.5 42 36 
6.3 6.3 6.3 
19.1 28.2 37.6 
1.4 0.6 0 
wss 65 65 65 65 
T.Road 65 15 15 0 
Cassey 65 65 65 65 
3/8" 65 50 50 45 
Master 80 75 75 75 
B.S.P./Air temp During TO 465/19 620/38 630/37 660/40 
AC Comp @5.6/ %M 2.8% 
Figure 142 VT Mixtures Production Information (22) 
199 
Avery Lane TerminahNewington, NH 
PG ASPHALT BINDER CERTIFICATION 
Sample Source: Avery Lane PG Classification: 64-28 Certification: 
Lot#: 64-28/10/19 Pll Sample #: 500-1046 Process Control Test: 
Sample Date: 10/29/2010 Tank#: 5 




LBS/GAL @ 60°F: 
Smoke Point: 















Pa-s @ 135°C 







Max 3 0 Pa-s 
Max. 3.0 Pa-s 
AASHTO T 228 
AASHTO T 228 
ASTM TABLE 8 
FM 5-519 
AASHTO T 48 
AASHTO T 316 
AASHTO T 316 
ORIGINAL BINDER 





kPa @ 64°C 
Max 1.00% 
Min. 2.2 kPa 
AASHTO T 240 
AASHTO T 315 
Mass Loss: 
DSR. G*/Sin Delta: 
PAV RESIDUE 
DSR: G*Sin Delta: 






kPa @ 22°C 
MPa @ -18C 
@ -18C 
Max. 5000 kPa 
Max. 300.0 MPa 
Min. 0.300 
AASHTO R 28 
AASHTO T 315 
AASHTO T 313 
Critical Cracking 
Temperature 
°C Report Only CCT 
Recommended laboratory mixing temp., Min/Max, °C: 151/156 
Recommended laboratory compaction temp, Min/Max, °C. 139/144 
Data obtained from manufacturer's certification or independent laboratory testing 
ForPike Ipdustries, Inc. 
Certifying Agent 
T echnicisn Peter Moor* NETTCP #225 This material Is modified using PPA Do not use with any liquid anti-strip without consulting 
the supplier 
Figure 143 VT Mixtures Production Information (23) 
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Certificate of Analwto 
Supplier name: Bitumar Inc 




(bade 83-34 Lot Number 105234-11 
Production Coda BIMT-T-234-L-11 
Date Sampled 2010.10.04 Specification AASHTO M320 
Unit of Production 2000 M.T. Binder Type Plain 
Standard report YES 
Terminal: Main terminal, Montreal 
Supplier Lab: Central Lab, Montreal 
TEST METHOD TEST SPECIFICATION TEST 
LAB REQUIREMENTS RESULTS 
Unaaad Binder 
Specific gravity O 1S.S*C. g/cm* AASHTO T 228 N/A 1.028 
Specific gravity O 25.0°C, g/cm" AASHTO T 228 N/A 1.02 
Flash Point, °C AASHTO T 48 >230°C 275 
Viscoaity O 135*C, Pa t AASHTO T 316 <3.0 Pas 0.210 
Viscosity O 165*C, Pa s AASHTO T 316 0.070 
Lab Mixing Tamp, *C Mln: 137 Max. 143 
Lab Compaction Temp, *C Mtav 126 Max: 131 
O'/aln 8 (kPa) 52*C AASHTO T 315 BICL > 1.00kPa 1.18 
RTTOT 
QVsinS(kPa) 52"C AASHTO T 315 BICL >2.20 kPa 5.13 
RTFOT Mass Change (%) AASHTO T 240 BICL <1% 0.526 
PAY 
Q'ain 8 (kPa) 13*C AASHTO T 315 BICL < 5.000 kPa 3371 
Stiffness (MPa) • 60 • -24*C AASHTO T 313 BICL < 300 MPa 207 
m-vahia O 00 s AASHTO T 313 BICL >0.300 0.318 
This malaria) conforms lo the specifications sat forth In AASHTO M 320 and ia a Plain binder. 
Testing Laboratory 
Bitumar Inc. 
Central Lab. Montreal 
Responsible Technician: 
HUB On Liu (NETTCP 130) 
Pereon ReeponeJWe for Certification: 
HuaQin Liu 
2010.10.06 S 
Sig nature:  ^
FPSQ-I0.I2 R0(RJSF Mi.VSHlU 
Figure 144 VT Mixtures Production Information (24) 
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Appendix B - Detailed Loose Mixture Reheating and Compaction 
procedure 
The procedure starts by removing the plastic handle of the steel bucket, then the lid has to 
get loosen without being opening it using a screwdriver under flanges or lid rim to pry them up 
gently. The next step is to place the bucket in an oven preheated to 10°C lower than the discharge 
temperature for the particular mixture allowing the bucket to be heated for one hour covered with 
the lid, then one more hour after removing the lid. The reason behind not removing the lid from the 
beginning is to decrease the aging of the mixture due to oxidation that might have a significant 
effect on the mixture stiffness during testing. Also, the reheating temperature was determined to be 
less than discharged temperature by 10°C to prevent excessive heating to mixture which may 
significantly affect mixture properties and amount of blending between virgin and RAP binders as 
will be discussed later. During the second reheating hour, two other ovens are supposed to be 
heated to the appropriate compaction temperature (around 135°C). One of the ovens containing the 
compaction moulds and the other one contains the pans, scoops, spoons, spatulas, and a gyratory 
loading scoop. Reheating compaction equipment is to decrease its adhesion with the mixture 
binder and to ensure maintaining asphalt mixture in its specified compaction temperature. 
After the buckets have been reheated for two hours as described before, the inside 
temperature should be measured to ensure that the temperature of the center of the bucket is not 
less than 75°C. Afterwards the loose mixture has been divided into predetermined weights 
according to the target specimen size and air void ratio. Achieving that by placing a preheated pan 
first onto a scale and set it to zero then starting getting the mixture out of the bucket using the 
preheated scoop. Once the scale reading reaches a value that it slightly greater than the target 
predetermined weight, the pan with the weighted material are supposed to be placed again into the 
202 
oven that has been maintained in the specified compaction temperature. The previously described 
dividing process has been repeated until all the material in the bucket is divided in the pans, where 
the dividing up process should take no longer than 10 minutes. Once a bucket of loose mixture has 
been heated shall not be cooled and reheated again, this means that all material shall be used to 
fabricate specimens directly after being reheated. Additional reheating cycles may increase the 
stiffness of the mixture, as well as potential increase in possible blending between virgin and RAP 
binder. 
The divided material may need about 30 minutes to reach compaction temperature, after 
that time mixture temperature should be checked again to make sure it reaches the specified 
compaction temperature. Total time of reheating shall not take more than four hours. Once the 
divided material reaches the compaction temperature, a compaction preheated mould should be 
taken out of the oven and placed onto a scale and then a gyratory specimen protection paper disk 
shall be placed in the mould, then the scale should be set back to zero. 
The following step was to pour the material of one pan into the preheated gyratory loading 
scoop, pouring the material again from the loading scoop to the mould, and checking the weight of 
the material more precisely this time and record it. Depending on the equipment and size of the 
specimen it may be necessary to place material in the mould using multiple lifts and crosshatching 
using the preheated spatula; however it is preferred to add the material in one lift using the loading 
scoop only if possible. 
203 
The last step is to place another gyratory specimen protection paper disk on top of the 
material in the compaction mould and placing them into the Superpave gyratory compactor and 
start compaction after securing the mould and closing the front protection door of the compactor. 
The reason behind using a gyratory loading scoop is to decrease operator to operator variability and 
to make the compaction process more consistent. The gyratory specimen protection paper disks are 
placed on top and bottom of the specimen to prevent getting the mixture binder sticky to the 
compaction mould and the compaction ram. 
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Figure 145 Dynamic Modulus NYdOOLH Vs. NYdOOLR 
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Figure 153 Dynamic Modulus NYb30LH Vs. NYb30LR 
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Figure 155 Dynamic Modulus NYb40LH Vs. NYb40LR 
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Figure 167 Dynamic Modulus VTe20LH Vs. VTe20LR 
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Figure 173 Dynamic Modulus VTaOOLH Vs. VTaOOLR 
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Figure 175 Dynamic Modulus VTa20LH Vs. VTa20LR 
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Figure 180 Shift Factor VTa40LH Vs. VTa40LR 
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Figure 181 Damage Characteristic Curves - NY Mixtures 30% RAP (b: PG 58-28) (d: PG 64-22) 
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Figure 185 Damage Characteristic Curves - VT Mixtures 30% RAP (a: PG 52-34) (e: PG 64-28) 
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Figure 187 Controlled Strain Pavement Life Prediction - NY Mixtures 30% RAP 
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Figure 188 Controlled Strain Pavement Life Prediction - NY Mixtures 40% RAP 
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Figure 189 Controlled Stress Pavement Life Prediction - NY Mixtures 30% RAP 
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Figure 190 Controlled Stress Pavement Life Prediction - NY Mixtures 40% RAP 
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Figure 191 Controlled Strain Pavement Life Prediction - VT Mixtures 0% RAP 
(a: PG 52-34) (e: PG 64-28) 
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Figure 192 Controlled Strain Pavement Life Prediction - VT Mixtures 20% RAP 
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Figure 193 Controlled Strain Pavement Life Prediction - VT Mixtures 30% RAP 
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Figure 194 Controlled Strain Pavement Life Prediction - VT Mixtures 40% RAP 
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Figure 195 Controlled Stress Pavement Life Prediction - VT Mixtures 0% RAP 
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Figure 196 Controlled Stress Pavement Life Prediction - VT Mixtures 20% RAP 
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Figure 197 Controlled Stress Pavement Life Prediction - VT Mixtures 30% RAP 
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Figure 198 Controlled Stress Pavement Life Prediction - VT Mixtures 40% RAP 
(a: PG 52-34) (e: PG 64-28) 
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